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An excellent conversions of benzaldehyde was obtained under solvent and solvent free conditions by
utilizing Co(im),0.5 DMA as catalyst for the synthesis of benzylidene malononitrile. The catalytic
prospect of this crystalline porous framework was extended to oxidation reactions involving ethylene
glycol (EG) and ethylbenzene (EB). Unexpectedly, EG was totally oxidized to oxalic acid; which
demonstrates the catalyst non-selectivity towards glycolic acid. For EB oxidation under a solvent less
condition in the presence of oxygen as oxidant (0.8 Mpa), and a 42% conversion was achieved with
78.4% selectivity for acetophenone at 120°C for a period of 2 h.
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INTRODUCTION

The next phase after the substantial foundation of metal-
organic frameworks (MOFs) synthetic chemistry is the
utilization of its chemical versatility and functionality.
MOFs have been identified for prospective applications in
gas separation and storage, sensors, drug delivery and
catalysis (Czaja et al., 2009; Yilmaz et al., 2011; Kuppler
et al.,, 2009; Shekhah et al., 2011). These crystalline
frameworks functionalities for catalysis can arise from:
metal ions, organic linkers, the pore sites, encapsulated
active sites (Corma et al., 2010). The self supporting
strategy offers by this class of materials have shown to
be effective in a number of different reactions with

various coordination complexes (Corma et al., 2010; Lee
et al., 2009; Gascon et al., 2014), and have also provided
a desirable environmentally benign and selective catalytic
process. MOFs as other heterogeneous catalysts are
advantageous for liquid phase organic transformation as
they are easily recoverable with minimal environmental
impact (Ma and Lin, 2010).

Zeolite imidazolate frameworks (ZIFs), a sub class of
this porous material; where its crystal structures share
the same topologies as those that can be found in
zeolites, were chosen for the catalytic exploration and
evaluation on the basis of its thermal and chemical
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stability (Park et al., 2006). Till date, only a few examples
of the potential of ZIFs as catalysts have been recently
published: ZIF-8 catalyzes the trans-esterification of
vegetable oil (Chizallet et al., 2010); and is an active
catalyst for the Knoevenagel reaction (Tran et al., 2011);
also ZIF-9 has been used as a catalyst in the oxidation of
aromatic oxygenates (Zakzeski et al., 2011), and for C-C
coupling reaction (Nguyen et al., 2012); ZIF-8 catalyzes
the conversion of CO, to chloropropene carbonate
(Miralda et al., 2012) and for synthesis of ethyl methyl
carbonate (Zhou et al., 2013); the most recent is
Au@ZIF-8 and Au@ZIF-90 for aerobic oxidation of
benzyl alcohol (Aijaz and Xu, 2014).

Indeed, in this direction we decide to explore and

evaluate the catalytic prospect of Co-ZIFs for;
Knoevenagel condensation of benzaldehyde with
malononitrile, oxidation of ethylene glycol and
ethylbenzene, where the ligand catalyses the

condensation and the metal ion (Co*") for oxidation
transformation of the substrates of interest.

EXPERIMENTAL
Materials

Cobalt nitrate hexahydrate (99.50%), Benzaldehyde (98.50%),
Malononitrile (99.00%), Ethylene glycol (99.00%), Ethylbenzene
(98.50%), N,N-dimethylacetamide (DMA) (99.50%), N,N-
dimethylformamide (DMF) (99.50%), Dichloromethane (DCM)
(99.50%) and Piperazine (99.00%) were purchased from
Sinopharm Chemical Reagent, China. These chemicals were used
without further purification.

Preparation of Co-ZIFs
Synthesis of [Co(im).0.5 DMA]. (1)

Co(Im).0.5 DMA was synthesized based on the procedure reported
by Tian et al. (2004) Co(NOs3),.6H,0 (3.638 g, 0.0125 mol), C3H4N,
(1.7 g, 0.025 mol), and piperazine (1.075 g, 0.0125 mol) were
dissolved in DMA (65 mL). The reaction mixture was stirred at room
temperature for 2 h. Then the solution was then placed in a Telfon-
lined autoclave and heated in an oven at 135°C and maintained at
135°C for 24 h. After unassisted cooling to room temperature, the
violet crystals were collected and washed with DMA (30 mL) with a
yield of ~45% based on imidazolate ligand.

Synthesis of Co(im).0.5DMF (2)

Co(NO3)26H20 (3.64 g, 0.0125 mol) and C3H4N»(2.35 g, 0.345 mol)
were added to DMF (60 mL). The reaction mixture was stirred at
room temperature for 12 h. Then the solution was placed in a
Telfon-lined autoclave and heated in an oven at 140°C and
maintained at 140°C for 48 h. After unassisted cooling to room
temperature, the violet crystals were collected and washed with
DMF (30 mL) with a yield of ~25% based on imidazolate ligand.

Synthesis of Co(nim); (3)

Co(NO3)26H,0 (2.183 g, 7.5 mmol) and 4-nitroimidazole, C3sH3N3O;
(8.482 g, 75 mmol) were added to DMF (30 mL). The reaction

mixture was stirred at room temperature for 12 h. Then, the solution
was placed in a Telfon-lined autoclave and heated in an oven and
maintained at 120°C for 24 h. After cooling to room temperature,
the cube-shaped single crystals were collected and washed with
DMF (30 mL).

Characterization of Co-ZIFs

The single crystal data were collected on a Bruker SMART APEX
CCD diffractometer with graphite monochromated Mo Ka radiation
(A = 0.71073 A) radiation. Powder XRD patterns of the samples
were recorded on a Phillips X’'Pert Pro Super X-ray diffractometer
equipped with X'Celerator detection system and CuKa radiation (40
kV and 30 mA) was used as the X-ray source. Scans were
performed over the 26 range from 5 to 45°, using a resolution of
0.028° in a step size of the 0.0167° and counting of 10 s per step.
The morphology of the samples was observed by a field-emission
scanning electron microscope (FESEM, LEO-1530, Germany)
combined with energy dispersive spectroscopy (EDS) and Olympus
optical  microscopy. Fourier transform infrared (FT-IR)
measurements were recorded on a Nicolet 740 FTIR spectrometer
at ambient conditions. TG—-DTA was carried out in static air using a
SDT Q600 V20.9 Build 20 thermal analyzer in the temperature
range 30 to 800°C at a heating rate of 10°C min™. The UV-vis
spectra were recorded on a Shimadzu 1750 UV-vis
Spectrophotometer at room temperature.

Catalytic activity
Typical procedure for the Knoevenagel condensation reaction

Inspired by the principle of green chemistry, the initial reaction was
carried out in a solvent free environment and at room temperature.
The Knoevenagel reaction between benzaldehyde and
malononitrile using Co(im).0.5 DMA as catalyst was carried out in a
batch-wise 25-ml round-bottom flask magnetically stirred. A mixture
of benzaldehyde (5.16 ml, 0.05 mol), and malononitrile (3.03 g, 0.05
mol) was placed into the flask and stirred for 2 min; thereafter 0.295
g, 5 mmol of catalyst was added to the reaction mixture. The
catalyst concentration was calculated with respect to the
cobalt/benzaldehyde molar ratio. The reaction vessel was
continuously stirred until the completion of the reaction, where the
porous crystal solid absorbed all the solvent and formed a sticky
amorphous brown gel after 5 min. After the completion of the
reaction, the product was obtained with the addition of 10 ml DCM,
and then the solid cobalt imidazolate framework was separated
from the mixture by simple centrifugation and then followed by
filtration when necessary; for reusability sake, the catalyst was
washed with copious amount of DCM dried under vacuum at 60°C
for 12 h. The reaction mixture was analyzed by Shimadzu GC 2010,
filtered through a short silica gel pad, analyzed by GC and the
product identity was confirmed by GC-MS when necessary.

Gas chromatographic (GC) analyses were performed using a
Shimadzu GC 2010 equipped with a flame ionization detector (FID)
and a DB-35 column (length = 60 m, inner diameter = 0.25 mm, and
film thickness = 0.25 pym). The temperature program for GC
analysis was kept at 70°C for 6 min and heated samples from 70 to
280°C at 5°C /min and were held at 280°C for 15 min. Injector and
detector temperatures were set constant at 280°C with a column
flow rate of 2.0 m/L™.

Typical procedure for the oxidation of ethylene glycol

The investigation of possible oxidation of ethylene glycol into less
toxic or useful products such as glycolic acid was carried out in a
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Figure 1. Comparison of the experimental PXRD of as-synthesized Co(im),0.5DMA with the

simulated pattern from its single crystal structu

300 ml Parr reactor (550 series). Ethylene glycol, NaOH (50 mmol)
and the catalyst (metal/reactant = 10®) were mixed with distilled
water to a total volume of 100 ml. The reaction mixture was charged
into the autoclave, exchanged three times with pure oxygen,
pressurized with O, to 300 KPa, and then stirred and heated to
appropriate temperature. After the reaction mixture was cooled to
room temperature, the excess gas was vented, the resultant liquid
was taken out and the catalyst was separated from the mixture by
simple filtration. The aqueous solution was analyzed by a Dionex
Ultimate U3000 HPLC system, equipped with online degasser, dual
gradient pump (loading pump and analytical pump), an auto
sampler with a 100 yL sample loop, a column oven, and a diode
array detector. The Chroméléon software (Dionex, Sunnyvale,
USA) was used to control the system to collect data. A reversed
phase column of Acclaim ® Polar Advantage Il (PA I1l) C18 (150
mm x 4.6 mm, 5 ym) was used with aqueous 0.01 M H,SO, (0.8
ml/min) as the eluent. Samples of reaction mixture (0.1 ml) were
diluted (10 ml) by using the eluent.

Typical procedure for the oxidation of ethylbenzene

The heterogeneous catalytic oxidation reaction was performed in
100 ml stainless steel reactor. Ethylbenzene (98.50%) was used as
obtained without any further purification, and the asynthesized
catalyst with DMA guest molecule was exchanged by
dichloromethane (DCM) (3 x 15 ml) for 3 days; thereafter the
residual solvents were removed under vacuum at 200°C for 6 h. In
a typical experimental procedure, ethylbenzene (30 ml, 0.4 mol)
and cobalt imidazolate framework Co(im)..0.5 DMA (0.928 g, 0.04
mol) were added into the 100 ml autoclave, exchanged three times
with pure oxygen, filled with O, to 0.8x10° Pa, stirred and heated to
120°C for a period of 2 h. After the reaction mixture was cooled to
room temperature in a bath of ice/water mixture, excess gas was
vented, resultant liquid was taken out and solid catalyst was
separated from the mixture by simple centrifugation followed

re.

by filtration when necessary; for reusability sake the catalyst was
washed with copious amount of DCM dried under vacuum at 60°C
for 12 h.

The filtrate was analyzed with Shimadzu GC 2010, filtered
through a short silica gel pad and the product identity was
confirmed by Gas chromatography—mass spectrometry (GC-MS).
Gas chromatographic (GC) analyses were performed using a
Shimadzu GC 2010 equipped with a flame ionization detector (FID)
and a AT-SE 30 column (length = 30 m, inner diameter = 0.25 mm,
film thickness = 0.33 pm). The temperature program for GC
analysis started from 40 to 200°C at 10°C/min, kept at 200°C for 10
min, heated from 200 to 280°C and held at 280°C for 2 min. Injector
and detector temperatures were set constant at 200 and 280°C,
respectively with a column flow rate 2.0 ml™.

RESULTS AND DISCUSSION
Characterization of the catalysts

There exist high degrees of correspondence between the
experimental and simulated XRD patterns for both
Co(im),0.5 DMA and Co(im),0.5DMF as shown in
(Figures 1 and 2); which is an indication that the bulk
material is a true representation of the single crystal. On
the other hands, the powder pattern simulated Co(nim),
revealed three clearly observable peaks and several
weak reflections in the range of 206 (12 to 40°), which are
not visible on the experimental pattern (Figure 3). The
observed difference in diffractograms could be attributed
to the preferred orientation of growth during Co(nim),
synthesis. An apparent decline in the intensity of the
peaks were observed for used Co(im),0.5 DMA catalyst
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Figure 2. Comparison of the experimental PXRD of as-synthesized Co(im).0.5DMF with the
simulated pattern from its single crystal structure.
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Figure 3. Comparison of the experimental PXRD of as-synthesized Co(nim). with the simulated
pattern from its single crystal structure.

catalytic active site of this porous crystal material was
retained during the course of rerun experiments, and
consistent conversions were obtained for the reusability

and this was most significant for Knoevenagel
condensation (Figure 4), where the crystalline material
transformed to sticky amorphous. Noteworthily, the



Olamoyesan et al. 21

Intensity

—— As-synthesized Co(im),0.5DMA

—— After Oxidation of Ethylene Glycol
—— After Oxidation of Ethylbenzene
—— After Knoevenagel Condensation

WMwwm

10 20

30 40

20 (degrees)

Figure 4. Comparison of PXRD pattern of fresh Co(im),0.5DMA and after usage for specific

organic synthesis reaction.
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Figure 5. Comparison of PXRD pattern of fresh Co(nim). and after usage for specific organic

synthesis reaction.

test. For Co(nim), diffraction patterns (Figure 5), the
peaks of the used catalysts were maintained as fresh
material, which demonstrates the stability of Co(nim),
after usage as catalyst for Knoevenagel condensation.
Scanning electron microscope (SEM) shows a highly
crystalline dipyramid (Figure 6a) and rhombic prism

(Figure 6b) shape crystals which confirmed the
aforementioned crystal system specified by the Single
Crystal X-ray analysis with a crystal sizes ranging
approximately between 100 and 200 pym. Also, the optical
micrograms confirmed the shape of the crystalline
frameworks (Figure A in Supporting Appendix) which are
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Figure 6. SEM micrograms of (a) Co(im).0.5DMA and (b) Co(im).0.5DMF.

in agreement with previous reports on cobalt imidazolate
frameworks (Tian et al., 2004; Banerjee et al., 2008).
Thermogravimetric analysis (TGA) shows weight loss
of 8% up to 200°C corresponds to the release of guest
molecules (0.5 DMA), and the most noteworthy feature in
this result was found between the temperature range of

200 to 340°C with little weight loss, indicating that the
Co(im),0.5 DMA was stable up to 340°C (Figure 7).
Afterward, a very rapid weight-loss step of 54% was
observed as the temperature increased from 340 to
430°C demonstrating the thermal decomposition of the
Co(im),0.5 DMA.
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Figure 7. Thermogravimetric analysis (TGA) analysis of the Co(im).0.5DMA.
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Figure 8. FT-IR spectra of (a) Co(im)..0.5DMA and (b) Imidazole.

Fourier transform infrared (FT-IR) spectra of Co(im),0.5
DMA alongside that of imidazole are shown in Figure 8.
The presence of strong and broad N-H--N hydrogen
bond was observed in the FT-IR spectra of imidazole
ranging from 3350 to 2200 cm™ with a maximum at about
2613 cm™ and associated with weak band near 1830 cm’
! while the observed disappearance of these absorption
bands evidently indicates the deprotonation of the

imidazole ligands during the formation of this porous
crystalline framework (Corma et al., 2010). Besides,
stretching vibrations of C-H bonds was observed near
3125 cm™ and the double bond in the imidazole ring
absorbs at 1650 cm™ Figure B1 in Supporting Appendix
shows the FT-IR spectra of fresh Co(im),0.5 DMA along
with used catalyst after specific organic transformation. In
addition, the spectra for nitroimidazole along with fresh
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Figure 9. The UV-Vis spectra of Co(im).0.5DMA and that of the complex in solution.
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Figure 10. The UV-Vis spectra of Co(im),0.5DMF and that of the complex in solution.

and used Co(nim), are shown in Figure B2. Similar the single crystal with that of the cobalt complex in
absorption bands were observed as Co(im),0.5 DMA solution, spectra of the solution was prepared in the
spectra with an inclusion of NO, stretching vibration near same manner as the solution for crystal synthesis. As
1580 cm™. shown in Figures 9 to 11, the single crystal spectra do not

In order to compare the UV-vis spectral properties of differ very much in comparison with that of its complex
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Figure 11. The UV-Vis spectra of Co(nim). and that of the complex in solution.

solution. The UV-Vis absorption spectra of the crystalline
frameworks show several similar absorption bands, the
maximum  absorptions of Co(im),0.5 DMA (1),
Co(im),0.5DMF (2) and Co(nim), (3) are respectively
about 600, 597 and 596 nm. These maximum can be
assigned to the spin-allowed d-d transition 4A2(F) — 4
T2 (P) of tetrahedral Co(ll) ions (Lever, 1968; Poul et al.,
2000); also a weak shoulder at about 535, 534 and 533
nm are observed respectively for the complexes. The A
max of 1, 2 and 3 were hypsochromically shifted by about
10, 100 and 8 nm, respectively when compared with their
complex solution.

Catalytic activity of Co-ZIFs
Knoevenagel condensation

Co(im),0.5 DMA is accessed for its catalytic activity for
Knoevenagel condensation reaction under a solvent free
condition (Scheme 1). A conversion of 96% was obtained
after 5 min, and the recovered catalyst was subsequently
tested for reusability with an excellent conversion of 98%.
Hence, while DCM was used as solvent with the same
amount of reactants and catalyst; a conversion of 98%
was achieved in 10 min without any significant change
after three cycle of the catalyst (Figure 12). In good
agreement with previous reports of Tran et al. (2011;
Nguyen et al. (2012), Pande et al. (2005); using 5 mol %
imidazole and the metal precursor (Co(NO3),6H,0)

instead of Co(im),0.5DMA a 93% and 7% of quantitative
conversion was achieved after 5 min. Since, both
imidazole and Co(NO3),6H,O can only act as
homogenous catalysts which may not be practical from
green perspective. To demonstrate that the catalytic
activity of Co(im),0.5 DMA is devoid of any leached
active species (imidazolate linkers), the reaction was
carried out under solvent condition by using 5% mol of
catalyst concentration, and then the reaction was stopped
after 2 min filtered and analyzed by GC, and portion of
the filtrate was transferred to another vial and stirred for
further 5 and 8 min, respectively. During the 2 min, 57%
conversion was obtained, and no further reaction and
conversion was observed afterward while stirring further
the filtrate. We then tested Co(nim), for Knoevenagel
reaction with an initial conversion of over 90% obtained
for both solvent free and solvent condition that took 20
and 30 min, respectively, and there was no observed loss
of intrinsic catalytic activity after reusability test as shown
in Figure 13.

Consequently, the slight lower conversion obtained with
Co(nim), could be attributed to the base weakening
influence of the nitro group on the imidazolate linker,
however, Co(im),0.5 DMA is more basic with a
corresponding higher conversion and shorter reaction
time. The prominent active centers of Co-ZIFs are the
basic sites (imidazolate linkers), with a plausible activity
by Co* ions (Lewis acid sites) for Knoevenagel reaction
as observed with Co(NOj3),.6H,O when utilized as
catalyst for this reaction. Although, Co®* ions could
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Figure 12. Catalyst reusability studies of Co(im).0.5 DMA with respect to conversion under

solvent free and solvent condition.

activate the carbonyl substrates of the Knoevenagel
condensation acting as catalyst or co-catalyst for the
reaction (Gascon et al., 2009; Llabrés et al.,, 2012);
markedly, the extra frameworks of CoO (impurities
entrapped inside the pore cavities as either nanoparticles
or segregated crystallites) also contribute to the catalytic
activities of CO-ZIFs (Llabrés et al., 2012; Hafizovic et al.,
2007; Calleja et al., 2010; Neogi et al., 2009).
Comparative studies of the catalytic behaviour of Co-ZIFs
with other state-of-the-art catalysts for the Knoevenagel
condensation are shown in Table 1. We found that Co-
ZIFs are efficient in the Knoevenagel condensation for
the synthesis of benzylidene malononitrile. The conversions
obtained with Co-ZIFs are higher than some previously
obtained with Co-ZIFs; are higher than some previously

reported catalysts, where higher active methylene
compounds moles were required for the same reaction
and longer reaction time. Conversely, our catalysts
exhibited less activity in the Knoevenagel condensation
as compared to some base catalysts such as
functionalized cobalt spinel ferrite and amine
functionalized mesoporous zirconia (Tran et al., 2011;
Phan and Jones, 2006; Parida et al., 2010).

Oxidation of ethylene glycol

In an effort to transform ethylene glycol to glycolic acid
the catalytic prospect of this material was explored as
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Figure 13. Catalyst reusability studies of Co(nim). with respect to conversion under solvent free

and solvent condition.
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Scheme 2. Catalytic oxidation of ethylene glycol using Co(im),0.5 DMA as catalyst.

shown in Scheme 2. The result obtained demonstrated
the catalyst non-selectivity towards glycolic acid. In this
case, ethylene glycol was totally oxidized to oxalic acid
without any trace of glycolic acid, even when the reaction
time and temperature was reduced to 30 min and 30°C,
respectively (Table 2). We proposed that, to achieve a
selective oxidation of ethylene glycol to glycolic acid,
noble metal such as Au, Ag and Pt can be incorporated
into the porous frameworks as metal ions or supported on
it, since noble metals have been demonstrated to be
effective for the selective conversion of EG to glycolic
acid (Biella et al., 2002; Berndt et al., 2003).

Oxidation of ethylbenzene

In an effort to implement green principle in this chemical
transformation procedure, the oxidation of ethylbenzene
was carried out without using solvent and the oxidant
employed was molecular oxygen. The Co(im),0.5DMA
was found to be highly active and selective for the
conversion of ethylbenzene to acetophenone. Hence, at
temperature of 120°C and a pressure of 0.8 x 10°Pa, we
observed 42% conversion of the substrate and a
remarkable selectivity of 78.4% for acetophenone as
shown in Scheme 3. As presented in Table 3, the results
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Table 1. Comparative studies of the catalytic behaviour of Co(im).0.5 DMA) with other catalysts for Knoevenagel condensation.

Catalyst Reaction conditions Time (min) Conversion/Yield Reference
Diaminosilane-functionalized 2.5 mol % of catalyst; Solvent: benzene; and at room temp; reactants
cobalt spinel ferrite (CoFe204) mole ratio: malononitrile/benzaldehyde 2:1 5 100 Phan and Jones (2006)
0, . . .
ZIF-8 5 mol /o .catalyst, _S(_leent. Toluene; ar.1d at room temp; reactants 120 100 Tran et al. (2011)
mole ratio: malononitrile/benzaldehyde 4:1
amine functlor_lallze_d 1.79 mol % catalyst; _I\/Iethano.l, reactant mole ratio: and at room temp 1440 89 Parida et al. (2010)
Mesoporous zirconia benzaldehyde/malonic esterl:1
Guanidium lactate ionic liquid 25mmol IL; and at room temp; reactanis mole rafio: 2 93° Xin et al. (2007)
malononitrile/benzaldehyde 1:1
0 a1 L )
In/AIMCM-41 0.06 mol % of [n{AIMCM 41 under reflux condl_tlon in ethanol; o5 952 Katkar et al. (2010)
reactants mole ratio: malononitrile/benzaldehyde 1.2:1
) 10 mol % Catalyst; and at room temp; reactants mole ratio: .
Co(im)20.5DMA malononitrile/benzaldehyde 1:1 5 98 This study
0 . . H .
Co(nim), 10 mol % Catalyst; and at room temp; reactants mole ratio: 20 96 This study

malononitrile/benzaldehyde 1:1

ais product yield; T is this study, IL is ionic liquid.

for optimized reaction process for ethylbenzene
oxidation are summarized. The conversion of
ethylbenzene and its selectivity towards
acetophenone increased rapidly from42 to 71.3%,
as temperature increased from 120 to 150°C.
When the reaction time was increased from 2 to
10 h, initially both the conversion and selectivity of
acetophonene increased and afterward no
obvious change was observed due to inhibition by
the product, while as a result of over oxidation of
acetophenone or methylbezylalcohol to benzoic
acid the selectivity decreased gradually from 87.3
to 80.5%. As the pressure increased from 0.8 to
2.0 MPa, the conversion of the substrate and
selectivity to acetophenone increased as well.
Likewise, the effect of catalyst concentration
was studied, as the concentration Co-ZIF increased

from 0.04 to 0.2 mol, the conversion of substrate
rapidly increased from 42 to 71.2% and
acetophenone selectivity increased from 78.4 to
84.5%. Furthermore, the investigation of Co(nim),
and Co(NOs),.6H,O for catalytic oxidation of
substrate under similar experimental condition, it
was found that 40.3 and 39.4% of the
ethylbenezene was converted to main product
respectively, and a reasonable selectivity was
obtained for both the crystalline porous framework
and cobalt precursor.

Conclusion

We examined Knoevenagel condensation of
benzaldehyde using Co-ZIFs as catalyst for the

synthesis of benzylidene malononitrile under a
solvent and solvent less condition with a
remarkable conversion. The Co®* of the
coordination complex was explored for oxidation
of ethylbenzene and ethylene glycol, since cobalt
metal precursor was an important catalyst for
oxidation transformation. As a result, the
crystalline framework was not selective towards
glycolic acid but oxidized the substrate to oxalic is
less toxic. Moreover, Co-ZIF was found to be
highly active for the oxidation of ethylbenzene and
remarkably selective for acetophenone. This work
accentuates the wusefulness of MOFs as
heterogeneous catalysts for organic synthesis,
where either the metal ions or ligands can serve
as catalyst for different organic transformations of
interest.
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Table 2. Catalytic oxidation of ethylene glycol using Co-ZIF as heterogeneous catalyst.

Catalyst (DMA) Temp (°C) Time (h) Yield (%)
Co(im)20.5 70 6 85
Co(im)20.5 30 3 65
Co(im);0.5 30 1 17
Co(im),0.5 30 0.5 6.5

DMA is N,N-dimethylacetamide; reaction mixture with NaOH.

H3CHs

L

Ethylbenzene

1:ocH3

| O1
—_— +
Co-ZIF

.

Acetophenone a-methylbenzyl alcohol Benzaldehyde Benzoic acid

CH,OH COOH

&

Scheme 3. Result of oxidation of ethylbenzene using Co(im).0.5 DMA as catalyst.

Table 3. Catalytic oxidation of ethylbenzene under solvent less condition using Co-ZIFs as heterogeneous catalyst.

Selectivity (%)

SIN  Reaction conditions Conv (%) | m m v
1 120°C 42 78.4 15.5 0.7 54
2 130°C 57.5 79.5 13.8 0.6 6.1
3 140°C 67.8 83.6 12.1 0.7 3.6
4 150°C 71.3 84.5 7.8 0.5 7.2
5 4h 70.4 87.3 6.1 0.6 6.0
6 6h 70.8 86.5 5.7 0.5 7.3
7 8h 71.3 814 4.9 0.4 13.3
8 10h 715 80.5 4.1 0.4 15.0
9 1.5 Mpa 60.5 85.7 6.3 0.7 7.3
10 2.0 Mpa 67.4 87.8 5.4 0.5 6.3
11 0.08 mol 54.3 83.5 4.3 1.2 11
12 0.12mol 59.5 83.9 4.5 0.8 10.8
13 0.16 mol 65.4 86.8 3.9 0.3 9
14  0.2mol 71.2 84.5 3.1 0.3 12.1
15 Co(nim); 40.3 78.7 15.1 0.6 5.6
16  Co(OAC)..6H20 39.4 69.1 18.3 2.4 10.2
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APPENDIX
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Figure A. Optical micrograms of (a) Co(im).0.5DMA; (b) Co(im).0.5DMF and (c-d) Co(nim) .
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Figure. B1. FT-IR spectra of (a) fresh Co(im).0.5DMA ; after used for (b) Knoevenagel
condensation (c) oxidation of Ethybenzene and (d) ethylene glycol.
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Figure B2. FT-IR spectra of (a) Co(nim)z; (b) after used as catalyst for Knoevenagel
condensation; and (c) nitroimidazole.



