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ABSTRACT

Porous carbon xerogels were prepared from the sol-gel polymerization of resorcinol with
formaldehyde (RF) followed by carbonization at a high temperature under argon atmosphere.
The capacity of the carbon xerogels for direct immobilization of metal complexes was tested with a
vanadium(IV) complex, [VVO(HL)(H,0)(CH,OH)], which possesses an extended ligand 7t system
and reactive hydroxyl groups on the L-tyrosine fragment. Textural characterization of the CXG and
CXG/[VVO(HL)(H,0)(CH,0OH)] have been investigated using N, adsorption-desorption at =196°C.
Chemical surface groups were analyzed by FT-IR spectroscopy. Nano-particle size and morphology
of CXG and CXG/[VVO(HL)(H,O)(CH,OH)] nano-particles have been characterized by scanning
electron microscopy (SEM). Catalytic activity of CXG/[VO(HL)(H,O)(CH,OH)] was investigated
in the aerobic oxidation of olefins. The reaction conditions have been optimized for solvent and
temperature. CXG/[VO(HL)(H,0)(CH,OH)] showed higher catalytic activity for the epoxidation of
unfunctionalized olefins with molecular oxygen in the presence of isobutyraldehyde. Comparison
of the heterogenized catalyst, CXG/[VO(HL)(H,0)(CH,OH)], with the corresponding homogeneous
catalyst, [VO(HL)(H,0)(CH,0OH)], showed that the heterogeneous catalyst had higher activity
and selectivity than the homogeneous counterpart. The heterogeneous catalyst was easily recov-
ered from the reaction medium and could be re-used for other five runs without significant loss of

activity.
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1. Introduction

Carbon gels such as xerogels, aerogels, and cryogels are
classified as nanostructure carbons, as their structure and tex-
ture can be designated and controlled at nanometer scale [1].
Carbon gels are synthesized by carbonization of organic
gels, which are prepared by the sol-gel polycondensation of
organic monomers, such as resorcinol and formaldehyde,
by using Pekala’s method [2].

Carbon xerogels have received noteworthy attention in
the literature over the past decade and can be produced in
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different forms (as powder, thin-film, cylinders, spheres,
discs, or can be custom shaped) [3]. The most important
properties of these materials are their high porosity, surface
area and pore volume, controllable pore structure, narrow
and controlled pore size distribution, low electrical resistivity
and outstanding thermal and mechanical properties. Due
to these advantageous, carbon xerogel based materials are
attractive candidates in a wide range of applications such
as electrode material for double layer capacitors or super-
capacitors [4-6], adsorption materials for gas separation [7],
column packing materials for chromatography [8], for H,
storage [9] and catalyst supports [10-13].
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The performance of carbon materials in catalysis
depends on their surface properties. The surface chemis-
try of the carbon material plays a most important role on
its catalytic properties, providing active sites capable of
chemisorbing the reactants and forming surface intermedi-
ates of sufficient strength. Oxygen groups can be introduced
on the surface of carbon xerogels by treatment with a variety
of oxidizing agents, in the gas and liquid phases [14]. Liquid
phase oxidation can be performed in a Soxhlet with nitric
acid under reflux [15]. Large amounts of carboxylic groups
are introduced, together with phenol and carbonyl groups.
Carboxylic acids can react with molecules containing -OH
or -NH, functions provides for ester or amide linkages,
respectively. This approach was used to anchor Schiff base
Ni complexes with amine groups onto an activated carbon
oxidized with HNO, [16]. In the case of carbonyl surface
groups, nucleophilic attack from the hydroxyl group orig-
inates an ether bond; in the case of carboxylic anhydride
groups, an ester bond and a surface carboxylic acid group
are formed.

We have been exploiting the surface properties of acti-
vated carbons for the immobilization of vanadium complex
with Schiff base type ligands. Similar methodologies were
used by Roman Martinez et al. [17] to anchor a Rh complex
[17] and Mahata et al. [18] to anchor a manganese(III) salen
complex [18] onto an activated carbon support. The activated
carbons with immobilized metal complexes with catalytic
properties were found to be efficient and re-usable in various
catalytic reactions [19-21]. However, in general, the slow dif-
fusion of reactants through the micropores or mesopores of
activated carbon supports makes the heterogenized catalysts
less active than the corresponding homogeneous catalysts.
This limitation can be overcome by using surface of carbon
materials as supports for metal complexes, as diffusion of
the reactant and product molecules are expected to be much
easier.

Herein we are reporting on a development of a heterog-
enized carbon xerogel based catalyst through the anchoring
of oxovanadium complex onto the activated carbon xerogels
surface with effective catalytic properties for oxidation
reactions. Covalent bonding of the complex onto the acti-
vated carbon surface prevents leaching, leading to stable and
reusable catalysts.

As a result, the anchored complexes were found to be
very stable and reusable catalysts for the catalytic activity
[18]. Similar examples for [Metal(salen)], Cu(II) complex with
salen ligands, Mn(III) salen complexes, chiral Mn(III) salen
complex (Jacobsen catalyst), etc, are discussed in various
literatures [18,22,23].
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2. Experimental
2.1. Materials and equipment

Materials resorcinol (Merck 99%, Germany), formalde-
hyde (Merck 37%, Germany), sodium hydroxide (Merck
99%, Germany), L-tyrosine (Merck 98%, Germany), salicy-
laldehyde (Merck 99%, Germany), VO(acac), (Merck 98%,
Germany) were used in CXG/[VO(HL)(H,0)(CH,OH)]
preparation. All chemicals were used as received without fur-
ther purification. FT-IR spectra were recorded in KBr disks
with a Bruker FT-IR spectrophotometer, USA. Oxidation
state of vanadium has been determined by cyclic voltmeter
(SAMADS00 potentiostat electrochemical analyzer). The exact
amount of the vanadium in the compounds was determined
by AA, Varian 110. Elemental analyses were determined
on a PerkinElmer CHN 2400 analyzer. The separation of
heterogeneous catalyst from reaction media was assisted
by a high speed centrifuge (Sigma-Aldrich, USA, 3-30 K).
Morphology of compounds was investigated with SEM via
MIRA3 FEG SEM (Tescan, Czech Republic) and an acceler-
ating voltage of 10 keV. XRD patterns were recorded on a
Bruker DSADVANCE (USA), X-ray diffractometer with Cu
K target (k = 1.54 A). N, sorption analysis was performed
at 77 K using a PHS-1020 (PHSCHINA) equipped with an
automated surface area and pore size analyzer. Before anal-
ysis, samples were degassed at 130°C or 150°C for 20 h using
a “Masterprep” degassing system. BET surface areas were
determined over a P/P, range. The reaction products of oxi-
dation were determined and analyzed using an HP Agilent
6890 gas chromatograph equipped with a HP-5 capillary
column (phenyl methyl siloxane 30 m x 320 pm x 0.25 pm).

2.2. Synthesis of oxovanadium complex [VO(HL)(H,0)(CH,OH)]

The Schiff base ligand H,L. was synthesized by the
condensation of salicylaldehyde with L-tyrosine in 1:1 molar
ratio in methanol [24,25]. Its vanadium complex was pre-
pared with high yield from the reaction of H,L. with an equi-
molar amount of VO(acac), in MeOH, as shown in Fig. 1. The
complex was obtained as a dark green powder. The elemental
analysis corresponds to the general formula [VYO(HL)(H,O)
(CH,OH)], which was further confirmed by atomic absorp-
tion spectroscopy analysis and cyclic voltammeter. CHN
analysis: Calc.: C51.01%, H4.78%, N 3.50%, V 12.73%. Found:
C 49.88%, H 4.91%, N 3.47%, V 12.68%.

Selected FT-IR (KBr, em™) H,L: 3,211 (w); 3,026 (w);
2,976 (w); 2,919 (w); 1,612 (vs); 1,596 (s); 1,531 (m); 1,457 (m);
1,397 (m); 1,366 (m); 1,332 (s); 1,247 (s); 1,102 (m); 1,045 (m);
843 (s); 741 (m); 653 (s); 576 (s); 493 (w).
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Fig. 1. Schematic synthesis of oxovanadium complex [VYO(HL)(H,O)(CH,OH)].
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Selected FT-IR (KBr, cm™) [VNVO(HL)(H,0)(CH,OH)]:
3,464 (br); 2,942 (w); 2,875 (w); 1,640 (s); 1,520 (s); 1,452 (s);
1,396 (m); 1,276 (w); 1,157 (w); 1,032 (w); 948 (s); 833 (w);
768 (w); 670 (w); 542 (w).

2.3. Synthesis of organogel (OG)

Organogel was obtained from the sol-gel polymerization
of resorcinol (R) and formaldehyde (F) in methanol. Sodium
hydroxide was utilized as catalyst (C). All gels were synthe-
sized using the stoichiometric R/F molar ratio (1:2), 20 as
the R/C molar ratio and 3.93 as the dilution molar ratio (i.e.,
methanol/R + F + C). For this purpose, 0.0072 g of sodium
hydroxide was dissolved in 53 mL of methanol, 15.96 g of
resorcinol were added with continuous stirring. Finally,
22 mL of formaldehyde were added under stirring. After
the dissolution of sodium hydroxide and resorcinol in
methanol, formaldehyde was added under stirring. Then
the pH was adjusted to 7.0 by addition of diluted HNO,.
Stirring was continued for 30 min, after which the mixture
was poured into cylindrical glass tubes [26]. These tubes
were sealed and introduced into a water bath at 50°C.
Samples were then dried in an autoclave at 150°C for 5 h.

Selected FT-IR (KBr, cm™): 3,464 (br, s); 2,942 (w);
2,874 (w); 2,367 (w); 1,622 (vs); 1,479 (s); 1,385 (s); 1,314 (w);
1,228 (w); 1,207 (w); 1,094 (s); 849 (w); 805 (w); 669 (w).

2.4. Synthesis of carbon xerogel

Carbon xerogel was obtained by pyrolyzing dried gels
under argon flow (100 cm?® min™) at 800°C in a tubular fur-
nace. The heating program included the following sequential
steps in flowing argon: (1) ramp at 2°C min™ to 400°C and
hold for 60 min; (2) ramp at 2°C min™ to 600°C and hold for
60 min; (3) ramp at 2°C min™ to 800°C and hold for 360 min;
(4) cool slowly to room temperature [18].

Selected FT-IR (KBr, cm™): 3,458 (br, s); 2,927 (w);
2,858 (w); 1,657 (m); 1,590 (w); 1,473 (w); 1,094 (s); 829 (w).

2.5. Activation of carbon xerogel surface

Carbon xerogel surface was activated in a Soxhlet with
nitric acid (5 M) under reflux and nitrogen atmosphere for
48 h [27]. The oxidized materials were subsequently washed
with distilled water until neutral pH, and dried in an oven
at 110°C for 24 h.

Selected FT-IR (KBr, cm™) activated carbogel: 3,446 (br, s);
2,929 (m); 2,860 (w); 2,151 (w); 1,922 (w); 1,733 (s); 1,590 (s);
1,154 (vs).

2.6. Anchoring of the oxovanadium complex on CXG surface
(CXG/[VYO(HL)(H,0)(CH,OH)])

The [VVO(HL)(H,O)(CH,OH)] complex was directly
immobilized onto the supports by refluxing for 48 h 1 g of
carbon xerogel with 74 mg (185 umol) of [VVO(HL)(H,O)
(CH,0OH)] in 150 mL methanol under nitrogen atmosphere,
as shown in Fig. 2. The resulting materials were washed
several times with methanol, in order to remove any phys-
ically adsorbed complex [28], and finally the materials were
dried at 60°C.

Selected FT-IR (KBr, cm™) xerogel/[VVO(HL)(H,0)
(CH,OH)]: 3,464 (br); 2,940 (w); 2,874 (w); 1,728 (s);
1,597 (s); 1,489 (w); 1,251 (s); 1,182 (w); 1,116 (br); 934 (w);
844 (w); 669 (m).

2.7. General oxidation procedures

A mixture of CXG/[VVO(HL)(H,0)(CH,OH)] (0.0850
umol VV) in CH,CN (5.00 mL) was placed into a two-
necked flask equipped with a magnetic stirrer. The flask was
evacuated and refilled with pure oxygen (balloon filled).
Then the substrate (2.00 mmol) and isobutyraldehyde (IBA)
(0.360 g, 5.00 mmol) was added into the solution with a
syringe. The mixture was heated to reach the set temperature
under O, atmosphere. The resulting mixture was vigorously
stirred at 60.0°C under O, atmosphere for 7.00 h. The oxi-
dation products were identified by comparison of their
retention times with those of the authentic samples.

To test the reusability of the CXG/[VVO(HL)(H,O)
(CH,OH)], after every usage, the catalyst was separated
from reaction mixture by centrifuge, washed with CH,CN
and reused in the same reaction conditions again.

3. Results and discussion

3.1. Synthesis and characterization of H,L and
[VVO(HL)(H,0)(CH,OH)] complex

Fig. 3a shows the FT-IR spectra of the free H,L ligand.
There are no bands at 3,245 or 1,745 cm™, which would be
expected for v(NH,) of the amino acid and v(C=0) of salic-
ylaldehyde, respectively. Instead, a new prominent band at
1,612 cm™ due to the azomethine v(C=N) linkage is observed.
Comparison of the FT-IR spectra of free ligand and its vana-
dium complex, as shown in Fig. 3b, provides evidence for
the coordination mode of the ligand. The infrared spectrum
of complex displays an absorption band at 1,640 cm™ which
can be assigned to the C=N stretching frequency of the coor-
dinated ligand [29]. The shift of strong C=N stretch in the
FT-IR spectrum of complex indicates that the C=N group
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Fig. 2. Schematic presentation of the reactions that might occur
between the hydroxyl groups of the metal complex and carbon
xerogel surface groups for preparation of CXG/[VVO(HL)(H,O)
(CH,OH)] [18,28].
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Fig. 3. FT-IR spectra of (a) H,L and (b) [VO(HL)(H,0)(CH,OH)].

of the Schiff base ligand is coordinated to the metal ion
[30]. FT-IR spectrum of complex exhibits one sharp band
at 948 cm™ due to v(V=0) mode [31]. In the spectrum of
the complex, an extremely broad band at about 3,464 cm™
is assigned to —OH, possibly involved in intermolecular
hydrogen bonding.

Also, the oxidation state of vanadium has been proved
by cyclic voltammeter (as shown in Fig. 4). The cyclic vol-
tammogram of oxovanadium(IV) complex shows a well-
defined red-ox process corresponding to the formation of
the V(IV)/V(V) couple at E = 0.35 V and the associated
cathodic peak at E = 0.14 V This couple is quasi-reversible
with E = 0. 21 V and the ratio of anodic to cathodic peak
currents (IPC/IIDa ~ 1) corresponding to a simple one elec-
tron process. The large separation between the cathodic
and anodic peak (21 mV), indicates the quasi-reversible
character [32,33].

The electronic spectra of the ligand and complex are also
presented in Fig. 5. In the electronic spectra of the ligand, an
absorption band in the 404 nm was observed, which may
be associated with a m — m* transition originating mainly
in the azomethine chromophore (imine ™ — 7* transition).
Bands at higher energies (250-320 nm) are attributed to the
m — 7* transition of the benzene ring. In the electronic spec-
tra of the complex, the azomethine chromophore m — m*
transition is shifted to ca. 370 nm indicating that the imino
nitrogen is involved in coordination to the metal ion [34]. The
shoulder at about 277 nm for complex corresponds to ligand
metal charge transfer (LMCT) band of V=0 which it is seen at
274 nm for [VO(acac),].

3.2. Synthesis and characterization of CXG and
CXG/[VO(HL)(H,0)(CH,0OH)]

The carbon xerogel material with immobilized [VO(HL)
(H,O)(CH,OH)] was characterized by FT-IR and AA to con-
firm the existence of oxovanadium complex onto the carbon
xerogel surface. The surface oxygen groups on the activated
carbon xerogel played an essential role in the immobilization
of the [VO(HL)(H,O)(CH,OH)]. Hence, we can conclude
that the metal complex is mainly immobilized through the
reaction between the hydroxyl groups on the aldehyde

Oxovanidum conplex

Anodi tial of V' o
o \'O(acal:)z C poten ° Oacac).

Vavy /vev)

Current/A

-0.5 0.0 0.5 1.0 1.5 2.0
Potential/ V
Fig. 4. Cyclic voltammograms of [VO(HL)(H,O)(CH,OH)]

and VO(acac), in DMF containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAH).
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Fig. 5. UV-Vis spectra of (spectrum a) H,L in the solution of
methanol (10°M) and (spectrum b) [VO(HL)(H,0)(CH,OH)] in
the solution of methanol (10°M).

fragment of the H.L ligand and some of the oxygen func-
tional groups on the activated surface. We propose that
immobilization of the functionalized oxovanadium complex
onto the carbon xerogel surface should occur by the same
anchoring mechanism, which involves the reaction between
the surface carbonyl and carboxylic anhydride groups and
the hydroxyl groups from the oxovanadium complex. By
comparing these results with those of anchoring the same
hydroxyl functionalized manganese complex onto oxidized
activated carbons [18,28], we propose that immobilization
of the functionalized oxovanadium complex onto carbon
xerogel should occur by the same anchoring mechanism,
which involves the reaction between the surface carbonyl
and carboxylic anhydride groups and the hydroxyl groups
from the oxovanadium complex. For the carbonyl groups,
a direct nucleophilic attack of the hydroxyl can originate an
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ether bond to the complex, and carboxylic anhydrides may
also be subject to a nucleophilic attack from the hydroxyl
groups, originating new carboxylic groups and an ester
group, as depicted in Fig. 2.

The FT-IR spectra of the resorcinol-formaldehyde
organogel (OG) and carbon xerogel (CXG) are illustrated
in Fig. 6 and all the observed bands are in accordance with
those reported in the literatures [35]. As shown in Fig. 6a,
the stretching bands of C-H in the alkyl group appeared
at 2,926 and 2,854 cm™, the band at 1,615 cm™ shows C=C
from aromatic ring. The absorption bands at 1,221 and
1,078 cm™ are related to C-O-C stretching vibration of
methylene ether bridges between two resorcinol molecules
[35]. Fig. 6b shows the evolution of FI-IR spectrum after
the pyrolysis. As the pyrolysis temperature increases from
ambient to 800°C, most of the absorption peaks disappear.
The -OH group’s intensity is decreased and the other infra-
red active groups are completely eliminated at 800°C. When
the pyrolysis temperature is raised to 800°C, only C-C
vibration and FT-IR-active vibration can be found. It may
be suggested that the graphitization process begins at below
800°C, while the sample is not still completely graphitized at
800°C, in accordance with the literature stating that graph-
itization temperatures of more than 2,000°C are typically
necessary [36,37].

Fig. 7a shows the FT-IR spectrum of activated CXG by
HNO,. The new peak in the FT-IR spectrum of activated
carbogel at 1,728 cm™ [38] is attributed to the carboxylic
group, indicating that high densities of carboxylic group
on carbogel surface have been generated. The band appear-
ing at 1,590 cm™ can be ascribed to the oxygen functional
groups similar to a highly conjugated C=O stretching in
carboxylic groups, and carboxylate moieties [39]. In addi-
tion, FT-IR spectrum of functionalized activated CXG by
oxovanadium complex (Fig. 7b) shows bands at 1,251;
1,182; and 1,116 cm™ associated with oxovanadium complex
groups. In addition new band at 934 cm™ can be assigned as
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Fig. 6. FT-IR spectra of (spectrum a) resorcinol-formaldehyde
organogel (OG) and (spectrum b) carbon xerogel after the
pyrolysis at 800 °C (CXG).

V=0 group. The other bands have been overlapped by sim-
ilar bands of activated CXG at 1,500-1,700 cm™. Hence, the
FT-IR characterization confirmed the successful anchoring
of oxovanadium complex.

In addition, atomic absorption spectroscopy confirmed
the presence of oxovanadium complex. The amount of
vanadium ion within the CXG was determined by using AA
after dissolution by HCl treatment and it was to be 8.5 pmol
V/g CXG.

Textural characterization of the CXG and CXG/
[VVO(HL)(H,0)(CH,0H)] have been investigated using N,
adsorption—desorption at ~196°C. Fig. 8 shows the adsorption-
desorption isotherms of the OG, CXG and CXG/[VO(HL)
(H,O)(CH,OH)]. It can be seen that the isotherms of the

Ay C
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Wavenumber /cm™

Fig. 7. FT-IR spectra of (spectrum a) activated carbon xerogel
(CXG) by HNO,, (spectrum b) fresh CXG/[VO(HL)(H,0)
(CH,OH)] catalyst and (spectrum c) recycled CXG/[VO(HL)
(H,0)(CH,OH)] catalyst.
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Fig. 8. Nitrogen adsorption and desorption isotherm at -196°C
of (curve a) resorcinol-formaldehyde organogel (OG), (curve
b) CXG/[VO(HL)(H,0)(CH,OH)], and (curve c) carbon xerogel
after the pyrolysis (CXG).
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xerogels are of type IV/H3 (mesoporous) mixed to type I
(microporous) isotherms, attributed to micro-mesoporous
materials [40,41]. According to the isotherms of the samples,
the specific surface area, specific pore volume, and pore size
distribution of the samples were obtained and the results
are shown in Table 1. The BET surface area of the samples
decreased with [VVO(HL)(H,0)(CH,OH)] loading, as
depicted in Table 1, which was due to blocking of the pores
by the complex [42,43]. Fig. 9 also illustrates, in the inset,
the pore size distribution of the samples. It can be seen that
the pores are distributed in the region of micropores and
mesopores. In the micropore region all samples exhibit a
common peak around 1.2 nm, indicating the presence of cer-
tain microporosity. On the other hand, all mesopores present
a size below 5 nm.

In addition, the wide-angle XRD pattern demonstrated
the organogel (Fig. 10a) to be graphitized after calcinations
(Fig. 10b) and also activation by HNO, (Fig. 10c). For the
sample before post treatment, a broad peak at around 19°
is seen, indicative of amorphous materials. After pyrolysis
at 800°C, two peaks at roughly 23° and 44° appear, which
are the equivalents of the hexagonal graphite (002) (20 = 26°)
and (100) (20 = 43°) reflections. The (002) diffraction peaks
(ca. 26°) correspond to interlayer reflection [44]. The peak
shift for the (002) reflection indicated an increase in the inter-
layer space. This shift might be attributed to the structure
defects in the carbon materials [45,46].

Nano-particle size and morphology of CXG and CXG/
[VVO(HL)(H,0)(CH,OH)] nano-particles have been char-
acterized by SEM. The SEM images (Figs. 11a and b) show
that the nano-networks of CXG and CXG/[VO(HL)(H,0)
(CH,OH)] have a similar morphology. Also CXG has
about 45 nm and CXG/[VO(HL)(H,0)(CH,OH)] has about
81 nm, Fig. 12.

3.3. Catalytic activity

The selective oxidation of olefins, especially employing
oxygen as a terminal oxidant, has been believed one of the
most important reactions in organic synthesis [47]. With the
CXG/[VO(HL)(H,0)(CH,OH)] catalyst in hand, we evalu-
ated its catalytic activity for the aerobic oxidation of olefins.

Initially, 1-decene was selected as a model substrate,
and the oxidation reaction was carried out in acetonitrile
at 60.0°C with CXG/[VO(HL)(H,0)(CH,OH)] as catalyst,
O, as oxidant and isobutyraldehyde as co-catalyst. In order
to further optimize the process to achieve the maximum
oxidation of 1-decene, the effect of different solvents was

Table 1
Surface area and textural characteristics of samples
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studied. The conversion was highest for CH,CN, being 35.0%
after 7 h; CH,CN was a better solvent medium than toluene
(8.00%), ethyl acetate (10.0%) and n-hexane (0%). The differ-
ence is explained by the high solubility of reagents in CH,CN.

r/A

Fig. 9. Pore size distribution of (curve a) resorcinol-formaldehyde
organogel (OG), (curve b) CXG/[VO(HL)(H,0)(CH,OH)], and
(curve c) carbon xerogel after the pyrolysis (CXG).
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Fig. 10. XRD pattern of (curve a) resorcinol-formaldehyde
organogel (OG), (curve b) CXG pyrolyzed at 800°C, and (curve
c) activated CXG by HNO,.

Sample Specific surface  Pore volume Pore diameter ~ Pore volume Pore volume

area (m?g™) (cm® gy (nm) micropores (cm® g')?  mesopores (cm® g™)
RF OG 51.14 1.14 2.72 0.376 0.756
CXG 116.53 0.852 2.428 0.529 0.323
CXG/[VO(HL)(H,0)(CH,OH)]  80.995 0.966 2.231 0.460 0.506

“Sypp Calculated with the Brunauer-Emmett-Teller (BET) equation.
"Micropore volumes (V,,

ic/

volume of pores of width lower than 2 nm) determined with the MP plot (t-curve).
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Fig. 11. SEM images of (a) carbon xerogel after the pyrolysis (CXG) and (b) CXG/[VO(HL)(H,0)(CH,OH)].
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Fig. 12. Particle size distribution histogram of (a) carbon xerogel after the pyrolysis (CXG) and (b) CXG/[VO(HL)(H,0)(CH,OH)]

nanoparticles (detection of particles’ average size of about 45 nm).

Alternatively, the reaction was carried out at different
temperatures. When the temperature was increased (from
25.0°C to 60.0°C), the conversion increased correspondingly
(from 0% to 35.0%). Increasing temperature to 80°C did not
improve the conversion.

To establish the scope for the activity of CXG/[VO(HL)
(H,O0)(CH,OH)], this study was further extended to the
catalytic oxidation of several linear and cyclic olefins,
namely a-methylstyrene, cis-cyclooctene, 1-octene, styrene,
cyclohexene (Table 2). Generally, the present catalytic system
was completely selective for the epoxidation of cyclooctene,
indene, 1-octene, 1-decene and styrene, while for a-methyl
styrene, acetophenone was the byproduct. The catalytic
activity of a-methyl styrene is higher than styrene. It should
be noted that electronic effects due to the methyl substit-
uent were important, then, a-methyl styrene as a more
electron-rich olefin would show higher activity relative to
the styrene.

AscanbeseeninTable2, theorder ofincreasingreactivates
based on either conversions or turn over numbers (TONs)
are as cis-cyclooctene > cyclohexene > 1-octene > 1-decene.
To explain this trend, two determining parameters of elec-
tronic and steric effects should be taken into consideration.
The higher electronic density of the double bond is expected
to show more epoxidation reactivity. Therefore, cyclooctene
and cyclohexene with double bonds driven from second-
ary carbons should exhibit more activities in comparison
with 1-octene and 1-decene which contain double bonds
between secondary and primary carbons. On the other hand,
cyclooctene is more reactive than cyclohexene due to the
presence of more electrons donating (CH,), cyclic bridges
connected to the double bond. Furthermore, 1-decene is
epoxidized slower than 1-octene since larger octyl group
connected to double bond sterically hinders it in approaching
the catalyst metal center with respect to 1-octene which its
double bond carrying a smaller hexyl group [48].
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Table 2 Table 3
Aerobic oxidation of alkenes catalyzed by CXG/[VO(HL)(H,O)  Aerobic oxidation of alkenes catalyzed by [VO(HL)(H,O)
(CH,OH)J (CH,OH)J*

Entry Substrate Conversion  Epoxide Entry Substrate Conversion Epoxide

(%)’ selectivity (%) (%)’ selectivity (%)

1 \\—Q 67.5 85.0 1 \\—® 45.0 80.0

2 %@ 90.0 599.0 2 >—® 67.0 599.0

4 @ 68.0 >99.0 * @ 40.0 >99.0

5 N 500 >99.0 5 AT 21.0 >99.0

6 AN NNF 350 >99.0 6 PN 13.0 >99.0

7 O 96.0 >99.0 7 O 78.0 >99.0

“Reaction conditions: catalyst (0.0850 pmol of V(IV)), substrate
(2.00 mmol), CH,CN (5.00 mL), IBA (5.00 mmol), O, as an oxidant
and temperature 60.0°C; time 7.00 h.

"Conversions are based on the starting substrates.

Epoxide selectivity and conversion of CXG/[VO(HL)
(H,O)(CH,OH)] in the oxidation of styrene is higher than
the previously reported systems such as VO-GO and
VO-salen-GO [49], PS-[VO(ligand),] [50], VO-salen-SBA [51],
and MRGO/Fe,O,@C-salen-V [52]. This behavior could be
related to the surface chemistry of the carbon material plays
a decisive role on its catalytic properties, providing active
sites capable of chemisorbing the reactants and forming sur-
face intermediates of adequate strength. In addition to the
green nature of the present catalytic system (O,), mild condi-
tions such as low temperature in comparison other reported
systems and lower catalyst amount, the recyclability and sim-
plicity of CXG/[VO(HL)(H,0)(CH,OH)] catalyst are favored
over those of the reported catalysts.

In continuous, the performance of the homogeneous
catalyst, [VO(HL)(H,0)(CH,OH)], was also studied by run-
ning the oxidation of olefins under the optimized reaction
conditions, after 7.00 h (Table 3). The homogeneous cata-
lyst, [VO(HL)(H,0)(CH,OH)], was less active with similar
selectivity for the oxidation of olefins in comparison with
heterogeneous catalyst (Table 3, Entries 1-7). In fact, the
activity and selectivity of the anchored complex can even
be enhanced with respect to the homogeneous systems.
This may result from a confinement effect, that is, as a result
of site isolation, that is, the anchored complexes are pre-
vented from reacting with each other, as they could do in
homogeneous medium, leading to the formation of inactive

“Reaction conditions: catalyst (0.0850 pmol of V(IV)), substrate
(2.00 mmol), CH,CN (5.00 mL), IBA (5.00 mmol), O, as an oxidant
and temperature 60.0°C; time 7.00 h.

*Conversions are based on the starting substrates.

dimeric species [29]. As a result, the anchored complexes
were found to be very stable and reusable catalysts for the
epoxidation of olefins. The surface chemistry of the carbon
material plays a decisive role on its catalytic properties,
providing active sites capable of chemisorbing the reactants
and forming surface intermediates of adequate strength.
In fact, introduction of transition metal complexes onto
the surface of porous carbons can increase the efficiency
of catalysts. Similar results have been reported in some
literatures [53,54].

3.4. Catalyst recycling

The recyclability of CXG/[VO(HL)(H,O)(CH,OH)] was
investigated in several runs of the oxidation reaction of
1-decene. At the end of the reaction, the catalyst was sep-
arated by centrifuge and its activity in the next runs was
investigated. The catalytic activity of CXG/[VO(HL)(H,0)
(CH,OH)] is preserved even after five runs and yield of the
reaction does not change significantly, as shown in Table 4.

Atomic adsorption spectroscopy of reaction mixture after
catalyst separation also confirmed that no free vanadium
ions are present in the solution. These findings confirmed the
absence of catalyst leaching. The stability of the supported
catalyst was also investigated. In these experiments, the
catalyst was separated from the reaction mixture after each
experiment, washed, dried and characterized by FI-IR as
shown in Fig. 7c.
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Table 4
Effect of catalyst recycling on the oxidation of 1-decene’

Number of cycle  Conversion’ (%) Epoxide selectivity (%)

Fresh 35.0 >99.0
1 33.0 >99.0
2 35.0 >99.0
3 34.0 >99.0
4 35.0 >99.0
5 34.0 >99.0

“Reaction conditions: catalyst, (0.0850 pmol), substrate (2.00 mmol),
IBA (5.00 mmol), CH,CN (5.00 mL), O, as an oxidant and temperature
60.0°C; time 7.00 h.

*Conversions are based on the starting substrates.

4. Conclusions

Herein porous carbon was used as support for anchoring
oxovanadium complex with catalytic activity, for the prepa-
ration of supported metal catalyst. CXG/[VO(HL)(H,O)
(CH,OH)] was found to be highly efficient catalyst for
epoxidation of olefins with O, as the oxidant. In summary,
we have developed an efficient system with high activity for
the aerobic epoxidation of olefins by using CXG/[VO(HL)
(H,O0)(CH,OH)] under mild reaction conditions. The catalyst
was stable and could be easily recycled. Various aromatic and
aliphatic epoxides were produced from the corresponding
olefins with excellent selectivity, and high yields. Synergic
effect of the CXG and catalyst plays critical role in enhancing
the catalytic activity of CXG/[VO(HL)(H,0)(CH,OH)]. Easy
tuning of porous carbon surface chemistry through chemical
and thermal post-treatments and subsequent functional-
ization achieved. Carboxylic acids and anhydrides, phenol
and carbonyl surface groups used to anchor oxovanadium
complexes, directly. The strategy used, covalent bonding
of the complex onto the carbon surface prevents leaching,
leading to stable and reusable catalysts. The catalyst was
recovered easily and reused for five runs without significant
loss of activity.
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