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Abstract

Two metal-organic frameworks (MOFs) were prepared based on post-synthetic
modification (PSM) method. To design advanced functional material with enhanced
catalytic activity, Cuy(BTC), (H;BTC=benzene-1,3,5-tricarboxylate) was syn-
thesized and functionalized with 4-aminopyridine and 2-pyridine carboxaldehyde
to achieve a supported bidentate Schiff base. Then, molybdenyl acetylacetonate
MoO,(acac), and vanadyl acetylacetonate VO(acac), were immobilized on Schiff
base functionalized Cu;(BTC),. These newly prepared catalysts were studied by
powder X-ray diffraction, Fourier transform infrared spectroscopy (FT-IR), atomic
absorption spectroscopy (AAS), field emission scanning electron microscopy (FE-
SEM), and also N, adsorption—desorption (BET method) analyses. After characteri-
zation, different parameters influencing the reaction were optimized. A comparative
study of the catalytic activity was carried out in the epoxidation of various olefins
and allylic alcohols over fert-butyl hydroperoxide (TBHP). The maximum conver-
sion was achieved in the case of Mo-catalyst as an effective and selective catalyst in
the epoxidation of allylic alcohols.
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Introduction

Although numerous methods for the epoxidation of olefins have been reported
[1-6], the preparation of selective and reusable epoxidation catalyst is still an
important challenge in synthetic chemistry. Epoxides are important intermedi-
ates for the synthesis of various polymers such as polyamides, polyurethanes, etc.
[7]. Catalytic epoxidation of olefins as an efficient method to produce an epoxide
was utilized in recent decades [8—10]. Metal-organic frameworks (MOFs) have
extensively been applied in separation, gas storage, catalysis, and drug delivery
[11-13]. A remarkable feature, such as three-dimensional cavities with a high
surface area that is easily accessible and enables functionalization of the structure
would have numerous merits in the field of catalyst design. The ability of the cat-
alyst for the catalytic process depends on active sites. In other words, a metal-free
organic structure or cavity system can act as the active site [14, 15]. The high sur-
face area of MOF provides a higher concentration of active sites per mass which
makes the catalysts more efficient [16]. Also, by designing a catalytically active
site inside the cavities, a space-size selective catalyst is created [17, 18]. In this
regard, porphyrin encapsulated into Cu;(BTC), to prove a size-selective catalyst
for epoxidation of an olefin can be mentioned [19]. MOFs are capable of being
functionalized with linkers through pre- or post-synthesis modification (PSM) to
prepare hybrid materials. Post-synthetic modification refers to the creation of a
chemical change in the framework after its synthesis with the preservation of the
lattice structure [20]. The advantage of this type of modification is locking and
shielding the active sites and avoiding their degradation [21]. An extended net-
work of the MOF can be built by one or multi-metal. If one type of metal involves
in the formation of MOF structure, its catalytic activity restricts. Because metal
only acts as structure building and doesn’t include in catalytic process. Therefore,
functionalization with the PSM method is regarded to overcome the drawback and
enhances the catalytic activity [22, 23]. Transition-metal compounds with high
Lewis acidity and multiple vacancies are good candidates for PSM of MOF. So
molybdenyl acetylacetonate and vanadyl acetylacetonate complexes are utilized
in this regard. These transition-metals in their high oxidation state i.e. Mo(VI)
and V(IV), exhibit excellent Lewis acidity and can act as efficient catalysts.
Among various MOFs, Cu;(BTC), has numerous merits in terms of pore design
and heterogenization of the compound. Unsaturated copper centers in Cu;(BTC),
MOF are believed to be attractive features for modifying and producing hybrid
materials. Also, features like a facile synthesis, easy activation, and great surface
area make Cu;(BTC), a suitable MOF for post-modification. Herein, we investi-
gated two heterogeneous epoxidation catalysts by anchoring bis(acetylacetonate)
oxomolybdenum(VI) and bis(acetylacetonate) oxovanadium(IV) complexes into
nanoporous Cu;(BTC), through Schiff-base ligand as a linker. The Schiff base
ligand was formed from a two-step connection of 4-aminopyridine and 2-pyri-
dine carbaldehyde inside the cavity by reacting with an unsaturated metal site.
The new catalysts were tested in the epoxidation of olefins and allylic alcohol
(Scheme 1).
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Scheme 1 A model reaction for epoxidation of olefin and allylic alcohol in presence of
Cus(BTC),-AMP-PA-M (M =MoO, V)

Experimental Section

The details of used materials and instruments have been included in the supple-
mentary information.

Synthesis of Cu;(BTC), and Cu;(BTC),-AMP

Cu;3(BTC),-nH,0 MOF was prepared described by the Kaskel group [24].
Cu(NO;),-3H,0 (0.475 g, 1.8 mmol) was dissolved in 6 mL deionized water and
added to a solution of trimesic acid (0.21 g, 1.0 mmol) in 6 mL ethanol. The mix-
ture was placed into a Teflon-lined steel autoclave and heated at 120 °C for 12 h.
The obtained blue crystals were washed several times with ethanol and deionized
water, followed by thermal activation at 150 °C for 24 h to remove anchored H,O
molecules. Afterward, the activated Cu;(BTC), was added to 4-aminopyridine
(AMP) (50 mg, 0.54 mmol) in 15 mL dry toluene and stirred under reflux for 16 h
to prepare Cu;(BTC),-AMP. The final product was isolated, washed four times
with ethanol, and then dried for 3 h at 100 °C.

Functionalization of Cu;(BTC),

In the first step, Cu;(BTC),-AMP synthesized from the previous step was added
to a solution of pyridine-2-aldehyde (0.5 mmol, 0.1 g) which dissolved in CH,Cl,
(10 mL) and CH;CN (15 mL). The mixture was allowed to stand (15 days) for
the preparation of the Schiff-base ligand. Afterward, MoO,(acac), (16 mg,
0.05 mmol) was dissolved in CH;CN (5§ mL), and the obtained solution was
added to the Schiff-base-Cu;(BTC), (200 mg) in CH;CN (10 mL). The mix-
ture was heated at reflux temperature for 24 h, filtered, and washed with CH;CN
(3% 10 mL). The prepared sample was activated at 80 °C for 24 h to be used
as a heterogeneous catalyst for epoxidation of olefin. The synthetic procedure of
the Cu;(BTC),-AMP-PA-V is similar to that of the previous catalyst, applying
VO(acac), (16 mg, 0.05 mmol) instead of MoO,(acac),.
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Epoxidation of olefins in the presence of prepared catalysts

The catalytic reactions were carried on the 25 mL round-bottomed flask. Typi-
cally, 0.5 g of catalyst, was mixed with an olefin (0.008 mol), H,O, (30% in water,
0.014 mol), or fert-butyl hydroperoxide (TBHP, 80% in CH,Cl,) as an oxidant in
chloroform (5 mL). The mixture was refluxed, and the products were monitored by
GC. The reusabilities of the catalysts were examined in the cyclooctene epoxida-
tion reaction. The recycling conditions were the same as described above. After each
reaction cycle, the catalysts were removed by centrifugation, washed with chloro-
form and ethanol, then dried under vacuum at 100 °C for 3 h.

Results and discussion

Preparation of heterogeneous catalysts, Cu;(BTC),-AMP-PA-Mo
and Cu;(BTC),-AMP-PA-V

After activation of Cus(BTC),, the unsaturated metal centers will be available to
connect to the organic molecules to promote the activity of the structure in catalytic
reactions. In the first step, 4-aminopyridine is coordinated covalently to the unsatu-
rated copper centers. The Schiff-base ligand was obtained by post-synthetic cova-
lent modification of Cu;(BTC),-AMP, using 2-pyridine carbaldehyde. Subsequently
anchoring of Mo(VI) and V(IV) into Cu;(BTC), through complex formation. The
proposed structure of supported catalysts is presented in Scheme 2.

Characterization of supported catalysts, Cu;(BTC),-AMP-PA-Mo
and Cu,;(BTC),-AMP-PA-V

The FT-IR spectra confirm the successful post-modification process of Cuy(BTC),
at each step (Fig. 1). The appeared vibrational peak at 1617 cm ~! in the FT-IR
spectrum of the Cu;(BTC),-AMP (Fig. 1b) can be attributed to the C=N stretch-
ing vibration of the pyridine ring in the 4-aminopyridine molecule. Also, The pres-
ence of two bands at 3342, 3360 cm™' regions is referred to as the asymmetrical
N-H stretch and the symmetrical N-H stretch of NH, in 4-aminopyridine. Reduce

Scheme 2 Overall sche- >
matic structure of the catalysts
M=V or MoO)
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Fig.1 The FT-IR spectra of Cu;(BTC),, and functionalized Cu;(BTC),

the intensity of the mentioned bands is related to the alcohol O-H stretches of
Cuy(BTC), which is stronger and wider than the corresponding band. the C=N
stretching vibration of the imine group is observed at 1646 cm™' after the for-
mation of the Schiff-base ligand, as shown in Fig. lc. The characteristic peak
appeared at 969 in Cuy(BTC),-AMP-PA-V and the peaks at 907 and 939 cm™ in
Cuy(BTC),-AMP-PA-Mo spectra are related to V=0 and MoQO, stretching vibra-
tions, respectively [25, 26] (Figs. 1d, e).

According to the collected data from CHN elemental analysis, the nitrogen
amount is increased during the successive steps which demonstrates the successful
post-modification process (Table 1). Atomic absorption spectroscopy (AAS) dem-
onstrated the presence of Mo and V with the amount of 0.183 and 0.142 mmol/g
for modified catalysts, respectively. The results showed that the loaded amount of
MoO,(acac), into the cavities of functionalized Cu;(BTC), is more than VO(acac),
in the same reaction conditions.

The XRD patterns of Cu;(BTC), and functionalized Cu;(BTC), in the range of
20=10-60° are shown in Fig. 2. The similarity of Cu,(BTC),~-AMP-PA-Mo and
Cuy(BTC),-AMP-PA-V patterns with Cu;(BTC), as synthesized, demonstrate that
the framework structure remained intact after modification [27].

Table 1 Elemental analysis

results of the samples Sample C® H (%) N
Cu,(BTC), 27.77 4.22 -
Cu,(BTC),-AMP 37.19 3.23 241
Cus(BTC),-AMP-PA 43.01 3.40 3.02
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Fig.2 The XRD patterns of,
a Simulated Cu;(BTC),, b
as synthesized Cu;(BTC),,
¢ Cuy(BTC),-AMP-PA-V, d
Cu;(BTC),-AMP-PA-Mo

10 20 30 40 50
20 (degree)

The nitrogen adsorption/desorption isotherms for Cuy(BTC), are depicted
in Fig. 3. The Cu;(BTC), exhibits between type I and IV isotherms. This type of
isotherm indicates the presence of micropores within the MOF structure. How-
ever, the functionalized samples show type II/IV isotherms indicating the pore
blocking after modification of parent Cus(BTC),. The BET surface area and total
pore volume for Cuy(BTC),-AMP-PA-Mo (8.4286 m* g~!, 0.05878 cm® g~!) and
Cuy(BTC),-AMP-PA-V (4.489 m? g1, 0.024166 cm® g~!) show a remarkable reduc-
tion in comparison with parent MOF (1167.6 m? g~ and 0.5107 cm® g~!) which
confirms the successful functionalization.

The SEM images of modified samples were taken to demonstrate the morphology
of Cuy(BTC),~-AMP-PA-V and Cu,;(BTC),-AMP-PA-Mo, which exhibit octahedral
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Fig.3 Nitrogen adsorption—desorption isotherms of prepared materials
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2410 um

Fig.4 FE-SEM images of a Cu;(BTC),, b Cu3(BTC),-AMP-PA-Mo, ¢ Cu;(BTC),-AMP-PA-V

Table 2 Effect of various

N o Entry Solvent Conversion % Selectivity * %
solvents in the epoxidation of
cyclooctene over Cuy(BTC),- 1 CHCIL 100 99
AMP-PA-Mo catalyst 3
2 EtOH 51 61
3 CH,;CN 64 90
4 CH,Cl, 32 >99

Reaction conditions: cyclooctene (0.008mol), TBHP (0.014 mol),
catalyst (0.1 g), solvent (5 mL), time (4h). “Epoxide selectivity

crystal shapes with the size ranging from 2 to 10 pm. The disruption of the particles
shown in Figs. 4b, ¢ compared to Fig. 4a are due to post-synthetic modification of
parent Cu,(BTC),.

Epoxidation of olefins and allylic alcohol in the presence of Cu;(BTC),-AMP-PA-Mo
and Cu,(BTC),-AMP-PA-V

The effect of various parameters such as time, solvent, type of oxidant, temperature,
and the amount of catalyst was explored in the catalytic epoxidation of cyclooc-
tene. The reaction solvent plays an essential role in the efficiency and distribution of
epoxidation products. Therefore, the effect of different solvents such as chloroform,
ethanol, acetonitrile, and dichloromethane on the conversion reaction was examined.
Based on the data in Table 2, chloroform was selected as the optimum solvent in the
reaction medium.

The kinetic profile of the cyclooctene epoxidation reaction is shown in Fig. 5.
By increasing the reaction time to 3 h, the cyclooctene conversion reaches
to its maximum (100%) over Cu,;(BTC),~AMP-PA-Mo catalyst, while the
Cu;(BTC),-AMP-PA-V catalyst exhibits lower conversion at this time (79%). This
is probably due to the less loading amount of VO(acac), on the MOF framework
in comparison with MoO,(acac), based on the given data from the AAS technique.
Therefore, after evaluating the reaction time, three hours was chosen as the optimal
time, and more optimization was performed at this time.
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Fig.5 The kinetic curve
of the epoxidation of 100 . " L] v v »
cyclooctene catalyzed by
Cuy(BTC),-AMP-PA-Mo and v
Cu,(BTC),-AMP-PA-V. Reac- 801 v
tion conditions: cyclooctene &
(0.008 mol), TBHP (0.014 mol), g 604 .
catalyst (0.1 g), Chloroform ‘@
(5 mL), reflux 2 v
S 404
| |
20 = Cuy(BTC),-AMP-PA-Mo
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To further optimize, the effect of hydrogen peroxide as oxidant was also inves-
tigated. As shown in Fig. 6, the highest conversion was achieved in the presence of
TBHP for both heterogeneous catalysts.

The results of the epoxidation of cyclooctene in various conditions are summa-
rized in Table 3. To achieve the optimum temperature, the reaction was performed in
the range of 0—120 °C. By increasing the temperature to 90 °C increases the catalytic
activity, further rising in temperature decreases leads to the reduction of cyclooctene
conversion, because the increasing rate of decomposition of TBHP also affected in
conversion value (entries 1-10) [28-38]. Therefore, 90 °C was considered as the
optimum temperature for achieving the highest reaction conversion. Finally, since
the use of smaller amounts of catalyst in the industrial process is valuable, the cata-
lyst efficiency was evaluated at a lower value. As the result table shows, the activity

Fig.6 The effect of oxidant on H Cu(BTC)-AMP-PA-Mo
the oxidation of cyclooctene @ Cus(BTC)-AMP-PA-V
with TBHP. Reaction condi-
tions: cyclooctene (0.008 mol),
oxidant (0.014 mol), catalyst 100
(0.1 g), Chloroform (5 mL),

time (3 h), reflux 90

0 TBHP H,0,
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Table 3 The screening of the amount of catalyst and effect of temperature in the epoxidation of cyclooc-
tene in chloroform

Entry Catalyst Catalyst Temp (°C) Conversion® (%) Selectivity® (%)
amount (g)
1 Cu;3(BTC),-AMP-PA-Mo 0.1 0 18 >99
2 Cu;(BTC),-AMP-PA-V 0.1 0 8 >99
3 Cuy(BTC),-AMP-PA-Mo 0.1 25 45 >99
4 Cus(BTC),-AMP-PA-V 0.1 25 34 >99
5 Cuy(BTC),-AMP-PA-Mo 0.1 60 73 >99
6 Cu;(BTC),-AMP-PA-V 0.1 60 67 >99
7 Cu;(BTC),-AMP-PA-Mo 0.1 90 100 >99
8 Cu;(BTC),-AMP-PA-V 0.1 90 79 >99
9 Cuy(BTC),-AMP-PA-Mo 0.1 120 85 >99
10 Cuy(BTC),-AMP-PA-V 0.1 120 50 >99
11 Cuy(BTC),-AMP-PA-Mo ~ 0.05 90 95 >99
12 Cu;(BTC),-AMP-PA-V 0.05 90 77 >99

Reaction conditions: cyclooctene (0.008 mol), TBHP (0.014 mol), solvent (5 mL), time (3 h)
4GC yield based on initial olefin; "Epoxide selectivity

of 0.05 g of catalyst is acceptable to choose as the optimal amount. So, 0.05 g cata-
lyst in the presence of TBHP in 90 °C temperature was chosen as the optimum con-
dition for cyclooctene epoxidation (entries 11-12, 7-8).

Furthermore, epoxidation of various olefins and allylic alcohols with TBHP was
carried out over Cuy(BTC),-AMP-PA-Mo and Cu;(BTC),-AMP-PA-V under the
optimized reaction conditions. As seen in Table 4, by increasing the electron den-
sity of double bonds in olefins, more epoxidation conversion was achieved. Hence,
the reactivity of cyclooctene and cyclohexene are higher than corresponding linear
olefins. Also, the different reactivity of allylic alcohols in the epoxidation reaction is
affected by the hydroxyl group adjacent to the double bond.

Typically, the recovery of the catalysts has been considered an essential indus-
trial property. To check the reusability of the prepared materials, the catalysts were
separated after each reaction run, washed twice with chloroform and ethanol, and
dried in air. The recycled catalysts were activated at 100 °C to be used in further
catalytic cycles (Fig. 7). The reusability of the catalysts was examined in the epoxi-
dation of cyclooctene. The reactivity of Cuy(BTC),-AMP-PA-Mo catalyst did not
decrease after five recycle runs. In contrast, the significant decrease in reactivity of
Cuz(BTC),-AMP-PA-V is related to the leaching of the catalyst during each reaction
run.

Table 5 shows some reported heterogeneous catalysts containing different solid
supports for molybdenum or vanadium species. It can be noticed that a higher for-
mation of epoxy cyclooctane was attained in a shorter reaction time in the presence
of Cu;(BTC),~-AMP-PA-Mo and Cu;(BTC),-AMP-PA-V catalysts. This remarkable
behavior can be related to the applied support and kind of the donor “atom of che-
late. The Cu;(BTC), framework as catalyst shows more reactivity compared to the
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Table 4 Epoxidation of various olefins and allylic alcohols in the presence of Cu;(BTC),-AMP-PA-Mo
and Cu;(BTC),-AMP-PA-V

Entry Substrate Conversion (%)
Cu;BTC,-AMP-PA-  CuyBTC,-AMP-PA-V
Mo

1 95% (>99) 778 (>99)

2 \/\/\/\/\ 80 (>99) 78 (>99)

3 © 89% (>99) 87% (>99)

4 \/\/\ 63° (>99) 57° (> 99)

5 Q/\ 90° (>99) 75% (>99)

6 E % 332 (50) 55% (66)

7 70° (>99) 917 (>99)

N OH
8 OH 20° (50) 94% (>99)
W\)\/
9 OH 86 (>99) 84% (>99)

Reaction conditions: olefin or allyl alcohol (0.008 mol), TBHP (0.014 mmol), catalyst (0.05 g), solvent
(5 mL) 90 °C, *3 h, ®24 h. The percentage of epoxide is specified in brackets

other solid supports including graphene oxide (GO), reduced graphene oxide (r-GO)
[39], multi-wall carbon nanotube (MWCNT) [40], and magnetic nanoparticles [41].
Also, the crystalline and regular structure of the MOF can prevent the deactivation
of the catalytic sites through aggregation. Comparison of epoxidation reactions for
catalysts with different donor atoms in Schiff base groups immobilized on similar
support [25], indicates that the compounds containing N-donor Schiff bases are
more active than those possessing O-donor ligands. This phenomenon can be due to
the different electronic effects of N and O donor atoms of the chelating Schiff base
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B Cus(BTC)2-AMP-PA-Mo O Cus(BTC)2-AMP-PA-V
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Fig.7 The reusability of the catalysts. Reaction conditions: cyclooctene (0.008 mol), TBHP
(0.014 mmol), catalyst (0.05 g), solvent (5 mL), time (3 h)

and different abilities to stabilizing the metal in various oxidation states [45]. Also,
the N donor ligands are more capable than the O donor ones for stabilizing the oxi-
dation state of metal atoms which leads to the reduction of their polarity based on
Tweedy’s theory [46].

Proposed epoxidation mechanism
The epoxidation mechanism by Cu;(BTC),-AMP-PA-V catalyst

Scheme 3 illustrates a proposed catalytic cycle for the epoxidation of olefin and allyl
alcohol with TBHP in the presence of Cuy(BTC),-AMP-PA-V catalyst. There are
various possibilities for the generation of active species, which can be dependent on
the substrate. In the case of olefins, first, the VO(acac), interacts with TBHP to form
the activated complex I, while the simultaneous attack of TBHP and allyl alcohol to
the vanadium complex generates the activated complex II. In both cases, vanadium
is in its high oxidation state (V*°). Second, the electrophilic attack of the oxygen
atom of activated complexes to the double bond of olefin or allyl alcohol produces
the epoxides. Complex II is more active than complex I and facilitates the epoxide
formation in the presence of allylic alcohol consisting of the electrophilic oxygen
atom. Accurately, the hydroxyl group of allylic alcohol adjacent to the double bond
makes the transformation of electrophilic oxygen to the double bond much easier
[47].

The epoxidation mechanism by Cu;(BTC),-AMP-PA-Mo catalyst

In contrast to the previous mechanism, in the epoxidation mechanism of olefin and
allylic alcohol by Cu;(BTC),-AMP-PA-Mo, only one active species is achieved by
the reaction of TBHP with Mo complex, which leads to the formation of molybde-
num alkyl peroxide (Scheme 4). The oxygen atom in hydroperoxide is more elec-
trophilic to attack the double bond and as a consequence, more nucleophilic bonds
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Scheme 3 Suggested mechanism for epoxidation reaction over Cu3(BTC),-AMP-PA-V
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Scheme 4 Suggested mechanism for epoxidation reaction over Cu;(BTC),-AMP-PA-Mo

facilitate the epoxide formation. In other words, Cu;(BTC),-AMP-PA-Mo is a more
proper catalyst in the olefin epoxidation in comparison with allyl alcohol. In both
mechanisms, tert-butyl-hydroperoxide has been coordinated to transition metal com-
plexes to generate M-OOH species, in which the active catalysts act as a Lewis acid.
The Lewis acidity of metal complexes increases with increasing the oxidation state
of metal complexes [48]. Therefore, Mo(VI) is expected to be the most effective
catalyst for olefin epoxidation [49].

Conclusions

In summary, two new heterogeneous catalysts were synthesized using the post-
synthetic modification method. In this regard, the stable and porous Cu,;(BTC),
was functionalized with 4-aminopyridine and 2-pyridine carboxaldehyde to prepare
the Schiff base compound. Then, the MoO,(acac), and VO(acac), as homogeneous
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active catalyst were loaded on the supported Schiff base to prepare efficient het-
erogenous catalysts for olefins and allylic alcohols epoxidation with TBHP. The
Cuy(BTC),-AMP-PA-Mo catalyst exhibited significant catalytic performance in the
olefin epoxidation, while the Cuy(BTC),-AMP-PA-V catalyst was more active in
the allylic alcohol epoxidation. Also, our synthesized catalyst showed high activity
in the epoxidation reaction compared to other reported solid supports with similar
active sites. The easy recovery of catalysts and their subsequent reusability for five
catalytic cycles under mild conditions make them useful for industrial processes.
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