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Complexes: Versatile Heterogeneous Catalysts for Eco-
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5.1 Introduction 

The importance of biopolymers such as chitin and chitosan as potential green 

support materials for the immobilization and heterogenization of metal catalysts [1-5] has 

been adequately delineated in Chapter 1. With numerous application possibilities in 

diverse areas ranging from biomedicines, wastewater treatment, fibre, cosmetic and food 

industries [2,4,6-10], chitosan and its derivatives have been recognized as immensely 

useful renewable substances with highly attractive physical and mechanical properties 

[2,6-7,11]. Due to a high content of hydroxyl and primary amino groups in the structure, 

chitosan is susceptible to facile functionalization and possesses an inherent ability to bind 

with various metal ions [2,7,8,11,12]. The advancement in the utilization of chitosan-based 

metal catalysts in a diverse range of organic transformations has been reviewed recently 

by Molnár [2]. There have been several reports describing the oxidation of various 

substrates such as cyclohexane, ethyl benzene, alcohol, toluene etc., over chitosan-

supported metalloporphyrin as well as Schiff base complexes of transition metals, viz., 

Mn, Fe, Cu, Co, Ni [2]. We have, however, noticed that the catalytic performance of well-

defined pre-formed peroxidometal complexes immobilized on chitosan in organic 

oxidation has rarely been investigated [12,13]. Moreover, no data seems to be available 

pertaining to the catalytic application of chitosan-supported Nb and Ta based materials in 

organic transformations.  

In the present study therefore, we considered it worthwhile to direct our efforts 

towards developing simple, sustainable and recyclable heterogeneous catalysts based on 

peroxido derivatives of Nb and Ta immobilized on chitosan and explore their efficiency 

in various organic oxidations. Selective oxidative transformations of organic substrates 

such as hydroxylation of phenol (PH) into hydroquinone (HQ) and catechol (CT), 

epoxidation of olefins, as well as oxidation of thioethers into sulfoxide/sulfone, represent 

some of the most essential and industrially important processes in organic synthesis [14-

18]. The resulting oxygenated products, viz, epoxy compounds, sulfoxides/sulfone, as well 

as CT and HQ serve as key intermediates or precursors to a vast range of bio-active 

molecules [16-19], fine and commodity chemicals [14,15,20]. In addition, phenol being 

toxic, carcinogenic, and less biodegradable industrial waste [21,22], from the 

environmental standpoint, there has been tremendous emphasis on the transformation of 

phenol to value-added products. The phenomenal progress witnessed during the past 

decades in the field of catalytic organic oxidations resulted in the emergence of a plethora 
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of effective and high performing transition metal-based catalyst systems for accomplishing 

the aforementioned types of organic oxidations [14,23-31]. Nevertheless, methods which 

can satisfy all the requirements suitable for industrial goals (e.g., high productivity and 

selectivity along with cost efficiency and environmental acceptability) remain mostly 

elusive [14,25,27,28,31]. Thus, the uninterrupted quest for selective, sustainable and 

energy-efficient oxidation strategies which are compatible with benign solvent and green 

reagents, still continues [26,31,32]. 

In this respect, Nb and Ta-based catalysts are likely to be advantageous, as such 

systems have been reported to demonstrate better catalytic performance in organic 

oxidations with H2O2 as the oxidizing agent [33-38]. In fact, as Nb and Ta are known to 

be non-toxic and bio-inert, catalytic materials based on these metals are often considered 

particularly suitable for “green chemistry” applications [39,40]. Notwithstanding the 

important features like hydrolytic stability and ability to retain their activity in polar 

solvents as well as at high temperatures [33,34,41,42], the majority of heterogeneous Nb 

and Ta-based catalysts supported on porous SiO2 or other metal oxides [36,37,43-52] were 

reported to show moderate activity in olefin epoxidations with H2O2 as oxidant. Similarly, 

microporous and mesoporous Nb-based catalysts in the H2O2 assisted hydroxylation of 

phenol often showed low productivity but high dihydroxybenzene selectivity [53-56]. On 

the other hand, so far, no report appears to exist on phenol hydroxylation catalyzed by a 

Ta-based system. Thus, to develop more productive catalyst systems to support organic 

oxidations under mild conditions still remains an important goal as well as a notable 

challenge in designing Nb and Ta-based solid catalysts.  

In this Chapter, we report the preparation and characterization of a new chitosan 

supported catalyst [Nb(O2)3(NH2)(OH)]-–chitosan (ChpNb) (5.1). A chitosan anchored 

peroxidotantalum compound [Ta(O2)3(NH2)(OH)]-–chitosan (ChpTa), was synthesized 

previously in our laboratory [57]. An account of our findings on effectiveness of these 

supported pNb and pTa catalysts in the oxidation of three distinct types of organic 

substrates, viz., phenol, styrene and sulfides using aqueous H2O2 as oxidant under mild 

and organic-solvent-free condition are presented herein.   
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5.2 Experimental section 

5.2.1 Synthesis of Na[Nb(O2)3(NH2)(OH)]–chitosan (ChpNb) (5.1) 

The method involved the addition of 0.35 g of chitosan to a clear solution of the 

precursor complex, Na3[Nb(O2)4]‧13H2O (1.25 mmol, 0.65 g) with 30% H2O2 (4 mL), 

keeping the temperature below 4 ºC. The pH of the mixture was adjusted to 7 by adding a 

few drops of dilute HNO3 (2 N, 0.65 mL). The reaction mixture was kept under the ice-

cold condition, with occasional stirring for 24 hours. Then, the supernatant liquid was 

removed by decantation, and the residue was repeatedly treated with acetone and dried in 

vacuum.  

5.2.2 Phenol hydroxylation  

A typical reaction protocol was as follows: phenol (5 mmol, 0.47 g) and the catalyst 

(0.1 mmol of Nb or Ta) were placed in a 50 mL of round-bottomed flask (RB). To this 

mixture, 30% H2O2 (20 mmol, 2.26 mL) was added dropwise with continuous stirring. The 

reaction was carried out at room temperature, maintaining a metal: phenol: H2O2 molar 

ratio of 1:50:200. The products and the unreacted substrate were analyzed by high-

performance liquid chromatography (HPLC). 

The quantitative analysis of phenol and the oxidized products was done by a 

Thermo-Scientific Dionex Ultimate 3000 HPLC system equipped with a UV detector and 

a reversed-phase C18 column (250 × 4.6 mm). The maximum detection wavelength was 

272 and the composition of the mobile phase was in a volume ratio of methanol: water = 

3:7. Run time was 17 min with a 20 μL of injection volume and 1 mL/min of flow rate. 

The identification of the substrate and products was made by comparing the retention times 

with the respective authentic samples. A calibration curve was created with the authentic 

samples of phenol and the products using a range of concentrations (20-100 ppm). Then 

the content of the reaction mixture was determined by the interpolation of the calibration 

curve. The conversion of phenol (PH), yield of products and the selectivity of 

hydroquinone (HQ) and catechol (CT) were calculated by using the following equations: 

Conversion of phenol (𝑋PH) =
[PH]i − [PH]f

[PH]i
× 100%      (𝟓. 𝟏) 

Yield of products (𝑌HQ+CT) =
[HQ] + [CT]

[PH]i
× 100%      (𝟓. 𝟐) 
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Selectivity of HQ (𝑆HQ) =
[HQ]

[HQ] + [CT]
× 100%      (𝟓. 𝟑) 

Selectivity of CT (𝑆CT) =
[CT]

[HQ] + [CT]
× 100%      (𝟓. 𝟒) 

where [PH], [HQ] and [CT] represent concentration of phenol, hydroquinone and 

catechol, respectively. i and f signify initial and final, respectively. 

5.2.3 Styrene epoxidation  

The reaction was initiated by the addition of 30% H2O2 (20 mmol, 2.26 mL) to a 

stirred mixture of styrene (5 mmol) and the catalyst (0.05 mmol of Nb or Ta) under 

magnetic stirring. The reaction occurred at room temperature, with a molar ratio of metal: 

styrene: H2O2 at 1:100:400. After completion, the products were extracted with ethyl 

acetate to analyze in HPLC.  

Styrene and the respective oxidation products were quantitatively analyzed by 

HPLC utilizing the method described in Section 3.2.4, Chapter 3. 

5.2.4 Oxidation of thioanisole (MPS) 

The oxidation procedure was as follows: to a stirred mixture of MPS (5.0 mmol), 

catalyst (0.005 mmol of Nb or Ta) and 5 mL of H2O in a 50 mL RB, 30% H2O2 (15 mmol, 

1.7 mL) was added. The reactions were carried out at ice-bath condition (at <4 ºC), 

maintaining a metal: MPS ratio of 1:1000 and MPS: H2O2 ratio at 1:3. Thin-layer 

chromatography (TLC) was employed to monitor the reaction progress. After completion 

of the reaction, the products were analyzed by the method described in Section 3.2.5 of 

Chapter 3 (Appendix IV). 

5.2.5 Procedure for control experiments 

The control experiments were carried out separately for phenol hydroxylation, 

styrene epoxidation, and sulfide oxidation in the absence of the catalyst. For phenol 

hydroxylation as well as styrene epoxidation, the control reaction was conducted at room 

temperature under solventless condition with 5 mmol of substrate (phenol or styrene) and 

20 mmol of 30% H2O2 and the reaction progress was monitored over 5 and 8 h for phenol 

hydroxylation and styrene epoxidation, respectively. The blank reaction for sulfide 

oxidation was initiated by the addition of 30% H2O2 (15 mmol) to a stirred mixture of 
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MPS (5 mmol) and water (5 mL) at ice-bath temperature.  

5.2.6 Catalyst regeneration 

The catalyst, ChpNb (5.1) was easily separable from the reaction mixture and 

applied for up to five successive cycles. The recyclability experiment of the catalyst was 

conducted individually using styrene and MPS as substrates. After completion of the first 

reaction cycle of styrene epoxidation under the optimized condition, the catalyst was 

separated from the spent reaction mixture by simple filtration or centrifugation, then 

washed repeatedly with acetone and dried in vacuo. Subsequently, a new cycle of reaction 

was performed with the recovered catalyst using a fresh batch of styrene and 30% H2O2 

under solvent-free condition maintaining a metal: styrene molar ratio of 1:100 and styrene: 

H2O2 ratio of 1:4. In case of the sulfoxidation reaction, after completion of the reaction, 

the catalyst was separated and repeatedly washed with acetone and dried. The recovered 

catalyst was applied for the next cycle of reaction with a new batch of the MPS maintaining 

the metal: MPS and MPS: H2O2 molar ratios of 1:1000 and 1:3, respectively. The content 

of the reaction mixture for styrene was analyzed by HPLC, and in the case of MPS 

oxidation, TLC was employed to study the progress of the reaction. 

5.3 Results and discussion 

5.3.1 Synthesis 

The synthetic route developed for obtaining chitosan-supported solid complex 

ChpNb (5.1) involves a fairly simple methodology based on the reaction of chitosan with 

the tetraperoxidometallate precursor complex, Na3[Nb(O2)4]‧13H2O (TpNb) in the 

presence of 30% H2O2
  in water, at ice-bath temperature. Chitosan being water soluble 

under acidic conditions [58-60], the maintenance of the reaction pH >7 was found to be 

crucial for obtaining the solid catalysts in water-insoluble form. Importantly, the 

compound is non-hygroscopic in nature and remain stable and catalytically active for 

weeks. This feature of the complex is indeed noteworthy, considering that 

peroxidometallates generally tend to be hygroscopic in nature [58].  

5.3.2 Characterization 

Various spectroscopic and analytical techniques, namely elemental analysis, SEM-

EDX, powder XRD, XPS, BET, TG-DTG, FT-IR, Raman and 13C NMR analysis, were 
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employed to characterize the synthesized complex. The Metal: O2
2- ratio (1:3) obtained 

from the ICP-OES and elemental analysis results (Table 5.1) testified to the presence of 

three peroxido groups attached to each Nb center in the compound. The metal loading on 

chitosan support was found to be 0.70 mmol/g of the polymer for the complex. The 

magnetic susceptibility measurements and XPS analysis further indicated the diamagnetic 

nature of the peroxidoniobium complex as well as the existence of the Nb in a +5 oxidation 

state. 

Table 5.1: Analytical data for the synthesized complex ChpNb (5.1) 

aMetal loading  =
Observed metal % X 10
Atomic weight of metal  

bDetermined by ICP-OES analysis 

5.3.2.1 SEM and EDX analysis 

Field emission scanning electron microscopy (FESEM) was employed to study the 

surface topography of pure chitosan as well as the polymer immobilized complex and the 

corresponding FESEM images with different sizes are presented in Fig. 5.1. In addition, 

the SEM images of the pure polymer and those of the chitosan anchored pNb complex are 

included in Fig. 5.2. Both FESEM and SEM images displayed distinct morphological 

changes occurring after metal incorporation. Such observation clearly suggested the 

chemical modification of chitosan due to adsorption or dispersion of the peroxidoniobium 

species on the chitosan surface. 

The EDX analysis data, which provides in situ chemical analysis of the bulk, 

furnished further evidence for the presence of Nb as the component of the complex in 

addition to O, N, C, and Na atoms [Fig. 5.2 (e)]. The EDX analysis was carried out by 

focusing on multiple regions of the compound surface, and the composition obtained from 

EDX results concurred well with the elemental analysis values.  

 Complex  % Found from elemental analysis 

(% obtained from EDX spectra) 

O2 
2- Nb: O2

2- Nb loadinga 

(mmol g-1 of 

polymer) C  H  N  Na  Nb 

 ChpNb 42..02 

(41.93) 

 4.85 

 - 

 5.45 

(5.57) 

 - 

 (1.24) 

 6.44b 

 (6.52) 

6.86 

- 

1:3 0.7 

- 
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Fig. 5.1 FESEM images of Chitosan (a) 4 μm, (b) 10 μm; ChpNb (c) 1 μm, (d) 2 μm. 

 

Fig. 5.2 SEM images of Chitosan (a) 10 μm, (b) 50 μm; ChpNb (c) 10 μm, (d) 50 μm and 

(e) EDX spectrum of ChpNb. 
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5.3.2.2 Powder X-ray diffraction analysis 

The powder XRD patterns of pure chitosan and metal anchored polymeric complex 

5.1, are depicted in Fig. 5.3. Pure chitosan showed three distinct diffractions at 2 values 

of ca. 12.7, 19.9 and 26.7º, respectively, corresponding to the semi-crystalline nature of 

the polymer [61-63]. After the anchoring of the pNb species to the polymer, the intensities 

of these characteristic peaks visibly weakened, probably due to the disruption of H-bonds 

within the chitosan matrix caused by metal complexation [62,64]. A number of new sharp 

peaks appeared in the diffractogram of the catalyst at 2 values of ca. 18.0, 19.8, 21.0, 

29.6 and 30.6º indicating the formation of a new crystalline phase. These additional peaks 

are attributed to the (111), (020), (200), (022) and (202) planes for ChpNb (5.1) (PDF 52-

0708). Thus, the PXRD results further confirmed the successful immobilization of the 

peroxidometal moiety on the biopolymer support. 

 

Fig. 5.3 PXRD patterns of (a) Chitosan and (b) ChpNb (5.1). 

5.3.2.3 X-ray photoelectron spectroscopy 

The XPS and survey spectra of ChpNb (5.1) are shown in Fig. 5.4. The XPS 

spectrum of the complex 5.1 [Fig. 5.4 (a)] exhibited two well-resolved peaks located at 

binding energies (BE) of 207.1 and 209.8 eV, corresponding to the components of 3d5/2 

and 3d3/2 doublet of Nb in +5 oxidation state [65,66]. The successful anchoring of Nb(V) 

to chitosan has been further proved by peaks appearing at BE values characteristic of 

oxygen, nitrogen and carbon [Fig. 5.4 (b)]. 
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Fig. 5.4 (a) XPS spectrum and (b) XPS survey spectrum of ChpNb (5.1). 

5.3.2.4 BET analysis 

The specific surface area of the metal incorporated chitosan complex and the 

untreated polymer was measured by utilizing BET analysis with the nitrogen adsorption 

method [67], and pore volume was obtained by the BJH model [68]. The compound 

showed characteristic type II N2 adsorption/desorption isotherm (Fig. 5.5) of an IUPAC 

standard on particles which have macropores and nonpores [69,70]. The data listed in 

Table 5.2 clearly show the distinct changes occurring in the surface morphology of the 

biopolymer after complexation with the metal. The average specific surface area was 

found to be 13.1 for ChpNb, which is considerably higher than that of the neat chitosan 

(4.6 m2/g) (Table 5.2).  For the complex, the constant C of the BET equation was in the 

2-200 range explaining multilayer adsorptions (type II isotherm) [71]. 

 

Fig. 5.5 Adsorption/desorption isotherm of ChpNb (5.1). 
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Table 5.2: BET surface area, Vtot and the pore radius of chitosan and polymer bound 

peroxidometal complex 

 

 

 

 

aBET surface area. bTotal pore volume. 

5.3.2.5 FTIR and Raman spectral analysis 

Information gathered from a comparative study of FTIR spectra (Fig. 5.6) as well 

as Raman spectral analysis (Fig. 5.7) of pure polymer and metal anchored complex 

ChpNb (5.1) allowed us to surmise that both the -NH2 and -OH groups of chitosan 

participate in immobilization of peroxidometal complex. The IR spectra, as well as the 

complementary Raman spectra of the peroxidoniobium complex, showed three typical 

absorption peaks for ν(O-O) in the 800-900 cm-1 range signifying the formation of 

triperoxidoniobium species [72-74]. The νsym(M-O2) and νasym(M-O2) vibrations of the 

complex were observed in the 500-600 cm-1 region. 

The free chitosan showed typical vibrations at ca. 1646 cm-1 (C–O stretching and 

N-H deformation mode, amide I) [62,63,75] along with 1154 (bridging O stretch), 1592 

(N-H bending), 2876 (-CH2 stretching), 2921 cm-1 (-CH3 stretching) [63,76,77]. 

Involvement of the amide group in metal coordination could be negated from the nearly 

unaltered position of the amide I band in the spectrum of the complex in comparison to the 

unbound polymer. A considerable shifting in the stretching vibration of -NH2 and -OH 

group (3434 cm-1) to the lower frequency of 3419 cm-1 in the complex ChpNb (5.1) 

suggested the participation of either of these groups in the complexation [6,8,76,77]. 

Furthermore, the considerable decrease in intensity of the band corresponding to -OH 

bending vibration at ca. 1421 cm-1 in the complex indicated the likelihood of coordination 

through -OH group. Along with that, the shift in the vibrational frequency of the secondary 

-OH group (at 1089 cm-1) to around 1080 cm-1 in the spectra of the peroxidometallate 

suggested the involvement of the secondary -OH group in the metal coordination. The 

absorption due to the primary -OH group of the chitosan at ca. 1038 cm-1 remained 

unaffected throughout the metal coordination. Along with this, the observed shifting in the 

-NH bending vibration of the amine group of chitosan from 1592 cm-1 to the lower 

Compound SBET
a(m2/g) Vtot

b(mL/g) Pore radius (Å) 

Chitosan 4.6 0.01 17.1 

ChpNb 13.1 0.03 20.2 
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wavenumber of ca. 1563 cm-1 in the complex indicated the bonding of the nitrogen center 

of the chitosan to the metal ion [6,8,76]. These evidences confirmed the coordination of 

the polymer with the metal via both the -NH2 and -OH groups. The presence of the 

characteristic peaks of chitosan, β-(1–4) glycoside bridging bands (at ca. 894 and 1154 

cm−1) in the complex indicated the successful attachment of chitosan to the metal without 

affecting the backbone of the biopolymer [62,64,75].  

 

Fig. 5.6 FTIR spectra of (a) Chitosan and (b) ChpNb (5.1). 

 

Fig. 5.7 (a) Raman spectrum of ChpNb (5.1) and (b) FTIR spectrum of ChpNb (5.1). 
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5.3.2.6 Electronic spectral analysis 

The diffuse reflectance UV-visible spectrum of the compound ChpNb (5.1) 

showed two distinct bands within the range of 200-400 nm (Fig. 5.8). The absorption 

occurring within the 350-380 nm region could be assigned to the peroxido ligand to metal 

transition (LMCT) characteristic of peroxidometallate species of Nb(V) [78,79]. On the 

other hand, the band with a maximum at ca. 250 nm in the spectrum of the complex was 

attributed to the typical intra-ligand n→* or →* transitions of the chitosan support 

[76,80]. 

 

Fig. 5.8 Diffuse reflectance UV-visible spectrum of ChpNb (5.1). 

5.3.2.7 13C NMR analysis 

The solid-state 13C NMR spectra of the polymer-supported compound 5.1 and the 

pure chitosan are presented in Fig. 5.9. The respective chemical shift values are listed in 

Table 5.3. Usually, the spectrum of the pristine chitosan displays resonances at ca. 105.9, 

57.7, 83.1, 61.3, and 23.4 ppm corresponding to C-1, C-2, C-4, C-6, and CH3 carbon atoms, 

respectively [81-83]. The signal at 76.2 ppm probably occurs due to a combination of C-3 

and C-5 peaks [81-83]. After loading of the metal into the chitosan caused a distinct shift 

of the signals corresponding to C-2 and C-3 carbon atoms attached to -NH2 and -OH 

groups, respectively by nearly 1 ppm, compared to the 13C NMR spectrum of the original 

polymer. The observed shift may be attributed to the participation of these groups in metal 

binding [59,81,83]. Significantly, no new signal was observed at ca. 175 ppm in the 

spectrum corresponding to -COOH group and the overall spectral pattern of the compound 
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resembled closely the spectrum of free chitosan. Thus, the 13C NMR results demonstrate 

that, despite the structural modification of chitosan as a consequence of complexation, the 

main backbone structure of the polymer remained unchanged during the immobilization 

of peroxidoniobium species [58,59,84]. 

 

Fig. 5.9 13C NMR spectra of (a) Chitosan and (b) ChpNb (5.1). 

Table 5.3: 13C NMR spectral data for chitosan and chitosan anchored pNb complex 

Compound Chemical shift (ppm) 

C-1 C-2 C-3–C-5 C-4 C-6 CH3 

Chitosan 105.88 57.65 76.15 83.11 61.32 23.37 

ChpNb 105.51 56.22 75.09 81.76 61.32 23.37 

See Fig. 5.11 for atom numbering 

5.3.2.8 Thermogravimetric analysis 

Thermogram of the chitosan anchored pNb compound 5.1 showed multistep 

degradation on heating up to 700 ºC (Fig. 5.10, Table 5.4) with the initial step of 

degradation occurring below 100 °C due to dehydration. This was followed by the 
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degradation in the temperature range of 133-207 ºC with a mass loss of 6.8 % resulting in 

the removal of peroxido groups from the peroxidometallate species. The complex 

undergoes further degradation resulting from the rupture of the glycosidic linkage of the 

chitosan backbone in the 206-631 ºC range [62,85]. After complete degradation of the 

complex, the % of residue remaining was found to be 35.2%. The IR spectra of the residue 

was devoid of chitosan bands and displayed the typical ν(Nb=O) bands of oxidoniobium 

species.   

 

Fig. 5.10 TGA-DTG plots of ChpNb (5.1). 

Table 5.4: Thermogravimetric analysis data of the polymer immobilized complex 

In the light of the above collective evidences, the type of structure proposed for the 

chitosan anchored complex ChpNb (5.1) is shown schematically in Fig. 5.11. In order to 

describe the mode of metal-chitosan coordination, various models such as the ‘bridge 

model’ and ‘pendant model’ have been suggested previously [6,8,86]. The pendant model 

depicts the coordination of metallic ion via the amino group of chitosan as a pendant [6,86]. 

Whereas, in the bridged model, bonding of the metal ion occurs through four N atoms of 

Compound Temperature range (°C) Observed weight loss (%) Final residue (%) 

ChpNb 31-98 15.5 35.2 

133-207 6.8 

211-631 42.5 
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the same or different chains of the polymer [6,86]. In the proposed structure for the 

compound, coordination of the Nb(V) to the amino group of the polymer appears to form 

a ‘pendant’-type structure with an additional bond of Nb-OH, completing the eight-fold 

coordination around the metal center.  

 

Fig. 5.11 Proposed structure of ChpNb (5.1). “ ” represents polymer chain. 

5.3.3 Catalytic activity 

5.3.3.1 Phenol hydroxylation  

The catalytic potential of the Nb as well as previously synthesized Ta [57] peroxido 

compounds immobilized on chitosan was first tested in the hydroxylation of phenol using 

30% H2O2 as a terminal oxidant. To start with, a reaction was carried out with ChpNb 

(5.1) as the representative catalyst maintaining an Nb: phenol molar ratio of 1:250 and 

phenol: H2O2 ratio of 1:4, as shown in Table 5.5, entry 1 and Fig. 5.12. The reaction was 

conducted at room temperature, without the addition of any extra solvent. Under this 

reaction condition, as revealed by HPLC analysis, over 23% of phenol was converted to 

the desired dihydroxybenzene products, hydroquinone (HQ) and catechol (CT) within 5 h 

of reaction time. There was no evidence for the formation of any over-oxidized products 

such as o- or p-benzoquinone [HPLC chromatogram and GC-MS spectra (Appendix V, 

Fig. IIIA and IVA)]. The selectivity ratio of HQ/CT (2.5:1) demonstrated the preferential 

formation of p-product (HQ) over the o-product (CT) during the catalytic process. The 

preliminary experiment was followed by a survey of reaction parameters, viz., catalyst 

loading, oxidant concentration, reaction time, and solvent. Details of the optimization 

studies are compiled in Table 5.5 and are also illustrated in Fig. 5.12-5.16.  
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Under the above reaction conditions, an increase in the catalyst loading from an 

Nb: phenol ratio of 1:250, keeping other reaction parameters constant, resulted in a steady 

increase in the conversion of phenol [Fig. 5.12 and Table 5.5 (entry 1-4)]. The catalyst 

displayed excellent dihydroxybenzene selectivity of 100% with a consistent HQ/CT ratio 

of ~2:1, irrespective of the catalyst concentration. Thus, the results showed the domination 

of p-hydroxy species (hydroquinone) as the favoured product. A maximum of 35% 

conversion was attained with an Nb: phenol ratio of 1:50 (Table 5.5, entry 4). 

Significantly, the highest TON value of 80 was achieved with a very low catalyst loading 

(Nb: phenol =1:500). Nevertheless, the Nb: phenol ratio of 1:50 was selected for further 

studies keeping in view the better phenol conversion obtained with this molar ratio. The 

improvement in phenol conversion with an increment in catalyst concentration could 

tentatively be explained by an increase in the availability of a number of catalytic active 

sites. It is worthy to note that, under these reaction conditions, phenol conversion and total 

yield of products (CT and HQ) were found to be 35.1 and 34.7%, respectively. From this 

small discrepancy observed between these two data (<0.5%) formation of additional 

undetectable by-products such as tar, during the process of phenol hydroxylation in the 

present case, appears to be negligible. This is a remarkable observation keeping in view 

that the major reaction products of phenol hydroxylation, CT and HQ are often             

known to be  accompanied  by  the  formation  of  some  amount  of  benzoquinone  and  

 

Fig. 5.12 Effect of catalyst loading on phenol hydroxylation. Reaction conditions: Phenol 

(5 mmol), 30% H2O2 (20 mmol), room temperature, 5 h, without solvent.  
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chromatographically undetectable tar as by-products [87-89]. That the catalyst plays an 

essential role in facilitating the hydroxylation process is evident from the negligible 

(~0.1%) conversion of phenol obtained from a blank reaction conducted without the 

catalyst under otherwise analogous reaction conditions [Table 5.5 (entry 14)]. 

Similarly, a concentration dependent study was performed with respect to the 

phenol: H2O2 stoichiometry by varying the amount of H2O2 from 2-5 equivalents keeping 

other variables fixed as shown in Fig. 5.13 and Table 5.5 (entries 4-7). The reactions 

proceeded without any significant alteration in the CT/HQ selectivity and afforded the 

maximum phenol conversion at a Phenol: H2O2 molar ratio of 1:4. Importantly, further 

increment of oxidant amount to 5 equivalents reduced the overall conversion of phenol 

[Fig. 5.13 and Table 5.5 (entry 7)]. Such phenomenon is not unusual in the case of phenol 

hydroxylation, as revealed by previous reports and our own experience [17,90,91], which 

has been attributed to the dilution effect prevailing at higher concentration of liquid 

oxidant beyond the optimal requirement of the oxidant [17,90,91]. 

The impact of time on phenol conversion and product selectivity was studied over 

a time span of 6 h. A gradual increase in the conversion of phenol to the desired products 

(CT and HQ) was observed up to 5 h of reaction time [Table 5.5 (entries 4, 8-12) and Fig. 

5.14]. Extending the reaction time beyond 5 h, led to a slight decrease (ca. 2%) in phenol  

conversion.  This  may  possibly  occur  due  to  the  formation  of  a  trace  amount  of  

 

Fig. 5.13 Effect of H2O2 concentration on phenol hydroxylation. Reaction conditions: 

Phenol (5 mmol), catalyst (0.1 mmol of Nb), RT, t = 5 h, without solvent.  
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chromatographically undetectable tar, resulting from the further oxidation of 

hydroquinone and catechol. Such observation in case of phenol hydroxylation is not 

unprecedented [87-89]. Interestingly, the product selectivity remained almost unchanged 

throughout the duration of the reaction.  

 

Fig. 5.14 Conversion of phenol with time. Reaction Conditions: 5 mmol of substrate, 30% 

H2O2 (20 mmol), catalyst (0.1 mmol of Nb), without solvent, RT.  

Subsequently, we have examined the performance of the solid catalyst in presence 

of various polar and non-polar organic solvents as well as in water, as both the catalysts 

were insoluble in these solvents at room temperature. Interestingly, among the solvents 

screened, the catalyst was found to be most compatible with water, as revealed by the 

superior results obtained in an aqueous medium both in terms of dihydroxybenzene 

selectivity (HQ: CT selectivity ratio of nearly 3:1) as well as phenol conversion (Fig. 5.15). 

These findings further signified the water-tolerant nature of the catalyst. Good phenol 

conversion was also observed in other polar solvents, viz., methanol and ethanol, although 

the reaction was accompanied by the formation of benzoquinone as an additional minor 

by-product, causing a drop in product selectivity. Our observations are consistent with 

several previous studies, which showed that phenol conversion and biphenol selectivity 

generally improved with increasing solvent polarity [92-94]. The formation of 

benzoquinone along with dihydroxybenzene has often been a common phenomenon in 

phenol hydroxylation conducted in the organic solvent [55,92,93]. The catalysts however 
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provided maximum conversion under solvent-free condition. The greater efficiency of the 

catalyst system observed without additional solvent may be attributed to the higher 

reactant concentration in this case. Similar findings were reported in the case of many of 

the solvent-free procedures [95,96]. 

Table 5.5: Optimization of reaction conditions for selective hydroxylation of phenol 

catalyzed by ChpNb (5.1)a 

 

Entry Molar ratio 

(Cat:PH) 

30% H2O2 

(eq.) 

Time 

(h) 

Conversion 

of phenol (%) 

TONb Selectivity (%) 

HQ CT 

1 1:250 4 5 23 58 71.6 28.4 

2 1:500 4 5 16 80 70.6 29.4 

3 1:100 4 5 28 28 73.9 26.1 

4 1:50 4 5 35 18 66.3 33.7 

5 1:50 2 5 25 13 67.7 32.3 

6 1:50 3 5 29 15 64.8 35.2 

7 1:50 5 5 28 14 71.2 28.8 

8 1:50 4 1 7 4 66.8 33.2 

9 1:50 4 2 11 6 69.3 30.7 

10 1:50 4 3 22 11 67.1 32.9 

11 1:50 4 4 29 15 68.4 31.6 

12 1:50 4 6 33 17 70.7 29.3 

13c 1:50 4 5 32 16 64.8 35.2 

14d - 4 5 0.1 - 72.1 27.9 

aReaction conditions: 5 mmol Phenol, room temperature. bTON (turn over number) = 

mmol of substrate consumed per mmol of Nb. cScaled-up reaction with 4.7 g of substrate. 

dBlank reaction without any catalyst. 

OH

Phenol (PH)

HO OH

Hydroquinone (HQ)

OH

OH

Catechol (CT)

+
ChpNb

30% H2O2, RT
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Fig. 5.15 Effect of solvent on phenol conversion. Reaction conditions: phenol (5 mmol), 

oxidant (20 mmol), catalyst (0.1 mmol of Nb), solvent (5 mL), RT, 5 h. 

Having determined the optimum reaction conditions for phenol hydroxylation 

using the catalyst ChpNb (5.1), the efficiency of the chitosan-supported peroxidotantalum 

catalyst (ChpTa) [57] was tested under similar condition. Fig. 5.16 reveals that the Nb-

based catalyst ChpNb showed slightly superior activity vis-à-vis its tantalum-containing 

analog, although hydroquinone selectivity was observed to be relatively higher in the case 

of the catalyst ChpTa. On the other hand, significantly lower conversion of phenol with a 

slightly higher hydroquinone selectivity was obtained when the neat unsupported 

precursor complexes, Na3[Nb(O2)4]‧13H2O (TpNb) or Na3[Ta(O2)4]‧H2O (TpTa) [57] 

were used in lieu of the supported catalysts (Fig. 5.16), maintaining the same Nb or Ta 

loading under the same optimized condition (RT, Nb: phenol = 1:50, phenol: H2O2 = 1:4 

and t = 5 h).  It is thus clear that immobilization of the peroxido species on the chitosan 

support plays an affirmative role in enhancing the catalytic performance of such species.   
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Fig. 5.16 Diagram showing the conversion of phenol and selectivity of HQ and CT by 

ChpNb, ChpTa along with the precursor complexes, Na3[Nb(O2)4]‧13H2O (TpNb) and 

Na3[Ta(O2)4]‧H2O (TpTa). aReaction conditions: Phenol (5 mmol), catalyst (0.1 mmol of 

metal), H2O2 (20 mmol) without solvent at room temperature and t = 5 h. 

5.3.3.2 Styrene epoxidation 

Next, we explored the scope of extending the application of this catalyst system to 

alkene epoxidation, using the oxidation of styrene with hydrogen peroxide as a model 

reaction. Styrene being an electron-deficient species, its selective epoxidation over d0 

metal oxide catalysts is often regarded as a challenging reaction [14,33,47]. In the present 

study, on the other hand, we were pleased to find that the chitosan anchored peroxido-

Nb(V) and peroxide-Ta(V) compounds could serve as highly potent catalysts in selective 

epoxidation of styrene under the solvent-free condition at room temperature.  

Findings from our optimization study [Table 5.6, entry 1 and Fig. 5.17] 

demonstrated that, with a catalyst: substrate ratio of 1:100 and using 2 equivalents of H2O2, 

an impressive styrene conversion of 75% with >99% selectivity of the desired epoxide 

could be obtained at ambient temperature, without using any solvent. It was further 

possible to obtain a styrene conversion as high as 96% with nearly 100% epoxide 

selectivity and a reasonably good TON value of 96 [Fig. 5.17 and Table 5.6 (entry 4)] by 

increasing the H2O2 concentration from 2 to 4 equivalents. On raising the oxidant 

concentration further to 5 equivalents, overall styrene conversion declined (Fig. 5.17), as 
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has been observed in the case of phenol oxidation. Thus, styrene: H2O2 = 1:4 was 

considered optimal for styrene epoxidation, as well [Fig. 5.17 and Table 5.6 (entry 4)]. 

 

Fig. 5.17 Effect of H2O2 concentration on oxidation of styrene. Reaction conditions: 

Styrene (5 mmol), catalyst (0.05 mmol of Nb), RT, t = 8 h, without solvent.  

On probing the reaction using different amounts of catalyst, it was observed that 

styrene conversion improved with an increment of the metal loading, as seen in Fig. 5.18 

and Table 5.6 (entries 4,6-8). The reaction proceeded with nearly 100% epoxide 

selectivity in each case, although the resulting TON value decreased. Considering that the 

highest conversion of 96% could be obtained with a ratio of Nb: styrene of 1:100, this 

molar ratio was treated as optimal, although the maximum TON of 260 was observed at a 

considerably lower Nb: styrene molar ratio of 1:500 (Table 5.6, entry 6). The result of a  

 

Fig. 5.18 Effect of catalyst loading on styrene oxidation. Reaction conditions: substrate (5 

mmol), 30% H2O2 (20 mmol), room temperature, 8 h, without solvent.  
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control run carried out in catalyst-free condition showed <1% conversion of styrene (Table 

5.6, entry 17). The observation once again testified to the indispensability of the catalyst 

in the present epoxidation process. 

The styrene conversion versus reaction time profile presented in Fig. 5.19 and the 

corresponding data listed in Table 5.6 (entries 4, 9-13) show the trend obtained after 

monitoring the reaction over a period of 10 h. After the sharp rise in the styrene conversion 

within the initial period between 0.5-1 h of starting the reaction, the conversion of styrene 

increased gradually till 8 h (Table 5.6, Fig. 5.19). Thus, it is noteworthy that the reaction 

exhibited the best TOF of ~ 43 h-1 at the initial 1 h of the reaction time (Table 5.6, entry 

10). Only a marginal increase in the styrene conversion was observed after extending the 

reaction beyond 8 h. Markedly, this observation is corroborating evidence that the catalyst 

is robust enough to retain its activity, along with the selectivity even up to 24 h of reaction 

time under the maintained reaction condition. 

 

Fig. 5.19 Styrene conversion versus time. Reaction Conditions: 5 mmol of substrate, 30% 

H2O2 (20 mmol), catalyst (0.05 mmol of Nb), without solvent, RT.  

We have also surveyed the solvent effect on the catalytic epoxidation protocol 

employing a variety of solvents, in addition to water. The results are presented in Fig. 5.20. 

Fulfilling our expectations, the catalyst performed efficiently in an aqueous medium as 

well as in other polar protic organic solvents to furnish nearly comparable styrene 

conversion of >89% along with >98% selectivity of epoxide [Fig. 5.20]. The observed 

high compatibility of the catalysts with water is in accord with a number of previous 

findings documenting high stability of Nb-based catalysts towards hydrolysis and metal 



Chapter 5 

 

5.24 | P a g e  

 

leaching, due to which such systems often displayed high efficiency in aqueous phase 

organic reactions [41,97,98].  

Table 5.6: Optimization of reaction conditions for styrene epoxidation catalyzed by 

ChpNb (5.1)a 

 

Entry Molar ratio 

(Cat:Sty) 

30% H2O2 

(eq.) 

Time 

(h) 

Styrene 

conversion (%) 

Epoxide  

selectivity (%) 

TON 

1     1:100 2 8 75 ≥99 75 

2 1:100 1 8 67 ≥99 67 

3 1:100 3 8 81 ≥99 81 

4 1:100 4 8 96 ≥99 96 

5 1:100 5 8 95 ≥99 95 

6 1:500 4 8 52 ≥99   260 

7 1:250 4 8 70 ≥99   175 

8 1:50 4 8 98 ≥99 49 

9 1:100 4    0.5 11 ≥98 11 

10 1:100 4 1 43 ≥98 43 

11 1:100 4 2 55 ≥99 55 

12 1:100 4 4 78 ≥99 78 

13 1:100 4  10 96 ≥99 96 

14 1:100 4   24 98 ≥99 98 

15b 1:100 4 8 94 ≥98 94 

16c 1:100 4 8 93 ≥99 93 

17d - 4 8 0.4 ≥99 - 

aReaction conditions: 5 mmol styrene, room temperature. bResults of scale-up reaction 

(5.2 g of substrate). cConversion of 5th reaction cycle. dBlank reaction without any 

catalyst. 

Styrene

O

Styrene oxide

O

Benzaldehyde

+
ChpNb

30% H2O2, RT
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Fig. 5.20 Effect of solvent on styrene conversion. Reaction conditions: styrene (5 mmol), 

oxidant (20 mmol), catalyst (0.05 mmol of Nb), solvent (5 mL), RT, 8 h. 

It is visible from the data depicted in Fig. 5.21 that the chitosan immobilized 

peroxido-Ta(V) catalyst also exhibited excellent catalytic performance under optimized 

reaction conditions to selectively oxidize >91% of styrene to the corresponding epoxide 

with ≥ 99% selectivity and TON value of 91. Thus, in this case too, catalyst ChpNb 

performed relatively better in terms of styrene conversion, although with respect to 

epoxide selectivity, both the catalysts displayed comparable efficiency. As anticipated, the 

unsupported neat complexes Na3[Nb(O2)4]‧13H2O and Na3[Ta(O2)4]‧H2O with the same 

metal loading displayed poor styrene conversion (Fig. 5.21) as has been observed in the 

case of phenol hydroxylation.  

 

Fig. 5.21 Bar diagram showing the conversion of styrene by ChpNb, ChpTa along with 

the precursor complexes, Na3[Nb(O2)4]‧13H2O and Na3[Ta(O2)4]‧H2O. aReaction 

conditions: Styrene (5 mmol), catalyst (0.05 mmol of Nb or Ta), H2O2 (20 mmol) without 

solvent at room temperature and t = 8 h. 
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5.3.3.3 Sulfide oxidation 

Encouraged by the above promising results, we have further directed our efforts 

towards implementing these catalyst systems in the sulfoxidation of thioethers. As shown 

in Table 5.7 entry 1, preliminary experiments were carried out with thioanisole (MPS) and 

ChpNb as representative substrate and catalyst, respectively maintaining a Nb: MPS ratio 

of 1:1000 and MPS: H2O2 molar ratios of 1:2 under solventless condition at room 

temperature. Under these conditions, however, MPS was rapidly oxidized into a mixture 

of sulfoxide and sulfone. As the solvent-free method turned out to be non-selective, we 

have examined the reaction in the universal green solvent water. Finally, in an aqueous 

medium, it was possible to convert MPS quantitatively into pure sulfoxide with a TON of 

970, within a reasonably short reaction time of 35 min, by maintaining Nb: MPS molar 

ratio of 1:1000 and using 3 equivalents of 30% H2O2 in a reaction conducted at ice bath 

temperature (Table 5.7, entry 4). It is indeed noteworthy that the methodology could 

provide a high TON value of 1900 even with a very low catalyst concentration (0.0025 

mmol of Nb) (Table 5.7, entry 9). The catalysts also showed reasonably good activity in 

polar protic solvents, viz., methanol and ethanol, albeit with a diminished sulfoxide 

selectivity, as the oxidation could not be stopped at sulfoxide level (Table 5.7, entries 10, 

12). As in the case of phenol hydroxylation and styrene epoxidation, in this case too, the 

control reaction without any catalyst, as well as the oxidations conducted using the neat 

peroxidometallates as catalyst under optimized conditions, proceeded sluggishly, resulting 

in poor yield with a drop in sulfoxide selectivity [Table 5.7, entries 13, 14, 17].  

The standardized catalytic protocol was then applied to a diverse range of sulfides 

such as aromatic, aliphatic, vinylic, allylic, and alcoholic sulfides in presence of each of 

the catalysts, ChpNb and ChpTa. Our findings listed in Table 5.8 demonstrate that both 

the catalysts are highly active toward oxidation of the tested substrates to provide sulfoxide 

as the sole product under the optimized condition. The polymer-supported 

peroxidotantalum complex (ChpTa) also furnished competitive results, although at a 

relatively slower rate in comparison to Nb analog (Table 5.7, 5.8). 
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Table 5.7: Optimization of reaction conditions for sulfide oxidation by ChpNb (5.1)a 

 
Entry Molar ratio  

(Nb:MPS) 

H2O2  

(eq.) 

Solvent Time  

(min) 

Isolated yield  

(%) 

1a:1b TON 

1b 1:1000 2 - 20 98 53:47 980 

2 1:1000 2 - 60 97 68:32 970 

3 1:1000 3 - 40 98 65:35 980 

4 1:1000 3 H2O 35 97 100:0 970 

5 1:1000 2 H2O 60 95 80:20 950 

6 1:1000 1 H2O 80 96 85:15 960 

7c 1:1000 3 H2O 35 95 100:0 950 

8  1:500 3 H2O 35 96 100:0 480 

9 1:2000 3 H2O 90 95 100:0 1900 

10 1:1000 3 MeOH 40 97 100:0 970 

11 1:1000 3 MeCN 75 94 75:25 940 

12 1:1000 3 EtOH 50 97 81:19 970 

13d 1:1000 3 H2O 35 18 73:27 180 

14e 1:1000 3 H2O 35 12 82:18 120 

15f 1:1000 3  H2O 60 98 100:0 980 

16g 1:1000 3 H2O 35 95 100:0 950 

17h - 3 H2O 35 7 77:23 - 

aAll reactions were carried out with 5 mmol substrate, 5 mL solvent and at ice bath 

condition. bReaction at room temperature. cScaled-up reaction (6.2 g of MPS). dReaction 

with Na3[Nb(O2)4]‧13H2O as catalyst (0.005 mmol). eReaction with Na3[Ta(O2)4]‧H2O as 

catalyst (0.005 mmol). fReaction with ChpTa as a catalyst (0.005 mmol of Ta). 

gConversion of 5th reaction cycle. hBlank reaction without catalyst. 
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Table 5.8: Selective oxidation of sulfides to sulfoxides with 30% H2O2 catalyzed by 

ChpNb (5.1) and ChpTa in presence of H2O
a 

aReaction conditions: Substrate (5 mmol), Catalyst (0.005 mmol of Nb or Ta), 30% H2O2 

(15 mmol), H2O (5 mL) at ice bath temperature. 

The obtained data further revealed that aliphatic sulfides were oxidized more 

rapidly than the less nucleophilic conjugated ones, viz., allylic, vinylic, or diphenyl sulfide 

(Table 5.8, entries 7,8,10), indicating that the rate of oxidation of sulfide with H2O2 is 

highly affected by the change in its nucleophilicity, induced by the presence of different 

substituents in it. Such a trend is not unexpected keeping in view that oxidation of sulfides 

is known to generally occur via the electrophilic addition of O atom [99,100]. Most 

importantly, both the catalysts displayed excellent chemoselectivity in the oxidation of 

sulfides having additional oxidation-prone C=C bond or -OH group (Table 5.8, entries 7-

9).  

5.3.3.4 Stability and reusability of the catalyst 

The reusability of the catalysts was assessed individually for five successive cycles 

using styrene and MPS as substrates (Fig. 5.22). As the solid catalysts remained insoluble 

Entry Substrate ChpNb (5.1)  ChpTa 

 Time 

(min) 

Isolated  

Yield (%) 

TON  Time 

(min) 

Isolated  

Yield (%) 

TON 

1 
 

35 97 970  60 98 980 

2   15 94 940  35 93 930 

3  35 98 980  50 96 960 

4  45 93 930  70 94 940 

5  55 95 950  75 97 970 

6  65 98 980  90 96 960 

7 
 

140 94 940  175 95 950 

8  230 97 970  260 98 980 

9 
 

110 96 960  135 94 940 

10 
 

380 91 910  420 88 880 
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during the course of the oxidation under the maintained reaction conditions, they were 

easily separable from the used reaction mixture by simple filtration or centrifugation. After 

washing with acetone and drying in vacuo, the recovered catalyst was used in a fresh run 

of oxidation under the respective optimized condition. The recyclability data presented in 

Table 5.6 (entry 16) and 5.7 (entry 16) show that the activity and selectivity of the catalysts 

were preserved even after multiple cycles of reuse. In the case of phenol hydroxylation, 

however, catalyst reusability experiments could not be performed effectively, as difficulty 

was encountered in the separation and recovery of the catalysts from the organic products. 

 

Fig. 5.22 Recyclability of the catalyst ChpNb (5.1) in sulfide oxidation and styrene 

epoxidation. 

The recovered catalysts were subjected to FTIR, Raman, EDX, and powder XRD 

analyses in order to further confirm their stability during the catalytic process. The FTIR 

and Raman spectra, as well as PXRD patterns of the recovered catalysts resembled closely 

the patterns displayed by the respective original catalysts (Fig. 5.23–5.25). Furthermore, 

EDX analysis data showed no noticeable alteration in the metal content of the recovered 

catalysts compared to that of the starting catalysts. It is thus evident that the catalysts are 

sufficiently robust and capable of retaining their structural integrity during their reuse in 

repeated cycles of oxidations. 
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Fig. 5.23 FTIR spectra of (a) ChpNb and (b) ChpNb after 5th catalytic cycle. 

 

Fig. 5.24 Raman spectra of (a) fresh catalyst ChpNb and (b) recovered catalyst ChpNb. 
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Fig. 5.25 PXRD patterns of (a) fresh catalyst ChpNb and (b) recovered catalyst ChpNb. 

5.3.3.5 Heterogeneity test 

To establish the heterogeneity of the aforementioned reactions catalyzed by the 

insoluble chitosan-supported solid catalysts, a standard hot filtration test was carried out 

under the respective optimized conditions. After attaining approximately 50% conversion 

of the substrate, as illustrated in Fig. 5.26, the solid catalyst was separated from the 

reaction mixture (after 2 h for styrene and 15 min for MPS), and the reaction was allowed 

to continue with the filtrate for a further period of 10 h in case of oxidation of styrene 

 

Fig. 5.26 Heterogeneity test for (a) styrene epoxidation and (b) sulfide oxidation in water 

catalyzed by ChpNb (5.1).     
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(35 min for MPS). The conversion of styrene or MPS did not improve after the separation 

of the catalyst, signifying the truly heterogeneous behaviour of the catalyst systems. 

Furthermore, when the filtrate was subjected to ICP-OES analysis no indication of the 

presence of Nb or Ta was found in it. It can thus be concluded that there was no leaching 

of catalytically active peroxidometal species from the support. 

5.3.3.6 Scalability of the catalytic methodologies 

To ascertain the scope of each of the aforementioned procedures for relatively 

larger-scale applications, we conducted the reactions at a ten-fold scale (phenol = 4.7 g; 

styrene = 5.2 g; MPS = 6.2 g), keeping the metal: substrate and substrate: oxidant molar 

ratios same as the respective optimized conditions. The results tabulated in Table 5.5 

(entry 13), 5.6 (entry 15), and 5.7 (entry 7) for all the three oxidation processes, viz. phenol 

hydroxylation, styrene epoxidation and sulfide oxidation, indicated that the developed 

catalytic procedures are amenable to scalability. 

5.3.3.7 Comparison with some reported catalysts  

An analysis of the comparative data depicted in Table 5.9, revealed that the 

catalytic performance of the present catalyst systems compares well with those of existing 

best Nb or Ta-based heterogeneous catalytic procedures conducted in various organic 

solvents with respect to each of the oxidation reactions examined [33,35,44,47,52-56,101-

103]. In fact, the present solvent-free epoxidation protocol showed significantly superior 

performance in H2O2 induced styrene epoxidation in terms of both styrene conversion as 

well as epoxide selectivity [33,44,47,52]. Similarly, relatively better results were also 

observed in case of phenol hydroxylation in comparison to those obtained with niobium 

catalysts supported on mesoporous molecular sieves [53,54,56,101]. Further, catalysts 

provided competitive results in aqueous phase selective sulfoxidation reaction comparable 

to the reported Nb or Ta-based heterogeneous catalytic procedures conducted in organic 

solvents [35,54,102,103]. An additional noteworthy advantage of the present catalysts is 

the ease of recyclability with nearly undiminished activity and selectivity for multiple 

cycles of epoxidation and sulfoxidation. In case of most of the silica-supported or other 

oxide-based Nb catalysts, the recovered catalyst was usually needed to be reactivated by 

calcination prior to reuse in subsequent oxidation [33,44,47,54]. Above all, our conditions  
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Table 5.9: The catalytic activity of ChpNb and ChpTa vis-à-vis some reported supported Nb or Ta-based catalysts in phenol hydroxylation, 

styrene epoxidation and sulfide oxidation 

Entry Catalyst Substrate Catalyst 

amount 

Reaction conditions 

 

% Conversion/ 

% Selectivitya-c 

Ref 

  1 ChpNb Styrene 0.05 mmol 8 h, RT, H2O2, Solventless 96/>99 This work 

  2 ChpTa Styrene 0.05 mmol 8 h, RT, H2O2, Solventless 91/>99 This work 

  3 Calix-Nb-SiO2 Styrene 0.00102 M 6 h, 65 ºC, H2O2, MeCN 53/20 [33] 

  4 Nb-KIT-5(10) Styrene 20 mg 6 h, 50 ºC, H2O2, MeOH 51/13 [47] 

  5 Nb-MMM-E Styrene 0.005 mmol 1 h, 50 ºC, H2O2, MeCN 20/50 [44] 

  6 DET-Ta-MCM650 Styrene 0.015 mmol 24 h, 70 ºC, TBHP, CH3CN 73/34 [52] 

  7 Ta–SiO2 Styrene 0.01 mmol 6 h, 65 ºC, H2O2, CH3CN 37/36 [33] 

  8 ChpNb Phenol 0.1 mmol 5 h, RT, H2O2, Solventless 35/100 This work 

  9 FeNbMCM-41-64 Phenol 0.2 g 2 h 40 min, 60ºC, H2O2, H2O 24/1.29 [101] 

 10 [Nb1.0(PO4)1.0](HPO4)0.13Cl0.74 Phenol 0.1 g 15 h, 80oC, H2O2, MeOH 15.3/99.8 [55] 

11 NbPMOs Phenol -- --, H2O2, H2O 15/100 [53] 

12 NbVMCM-41-32 Phenol 0.2 g 5 h, 80oC, H2O2, H2O 2.55/100 [54] 

     
Continued… 
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aSelectivity of dihydroxybenzene. bEpoxide selectivity. cMethyl phenyl sulfoxide selectivity. 

 

 

 

 

 

 

 

 

Entry Catalyst Substrate Catalyst 

amount 

Reaction conditions 

 

% Conversion/ 

% Selectivitya-c 

Ref 

13 ChpNb MPS 0.005 mmol 0.58 h, ice bath, H2O2, H2O 100/100 This work 

14 ChpTa MPS 0.005 mmol 1 h, ice bath, H2O2, H2O 100/100 This work 

15 NbVMCM-41-32 MPS 0.04 g 2 h, 50oC, H2O2, MeOH 98/100 [54] 

16 0.25-PPA-Nb-SiO2 MPS 0.01 mmol 0.25 h, 45 ºC, H2O2, MeCN 65/78 [102] 

17 TaC MPS 0.02 equiv. 1.25 h, 45 ºC, H2O2, MeOH 100/99 [103] 

18 Modified Ta-MCM 

with DIPT 

MPS 0.012 mmol 24 h, RT, H2O2, MeOH 85/90 [35] 
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are milder and environmentally friendly since all the oxidation reactions in the present 

study were conducted without the addition of organic solvent, at natural pH of the 

reaction medium, in absence of any acid, halide, or any other non-green additives. 

5.3.3.8 Proposed catalytic cycle 

The plausible catalytic cycles envisaged for all the three oxidation processes, 

viz., styrene epoxidation, phenol hydroxylation and sulfide oxidation, are illustrated 

in Scheme 5.1. It has been well documented in the literature that direct oxygen transfer 

from the peroxido group bound to various group V and VI metals to a nucleophilic 

substrate generally occurs via a common pathway involving a simple bimolecular 

interaction between the metal peroxide and the nucleophile [104-106]. Although the 

activity of pre-formed peroxido complexes of Nb(V) and Ta(V) in organic oxidation 

has not been explored abundantly, a number of reports are available dealing with the 

mode of olefin epoxidation with H2O2 over Nb and Ta-oxide based solid catalysts 

[46,104,105,107-109].  

Based on the observations from our present work and taking into account the 

above information, it is expected that in the first step of styrene epoxidation (Scheme 

5.1, cycle A), the transfer of electrophilic O atom from the active peroxido group of 

chitosan bound Nb(V) or Ta(V) complexes to styrene would take place (reaction a) 

to yield the desired epoxide. The oxygen transfer is accompanied by the formation of 

oxidodiperoxido intermediate species II. The oxidodiperoxido intermediate of Nb(V) 

or Ta(V) would then react with H2O2 in the next step (reaction b) to regenerate the 

original catalyst. In a similar line, as shown in catalytic cycle B, transfer of oxygen to 

phenol from the triperoxidometallate group of the catalyst would occur to afford the 

hydroxylated products CT and HQ (reaction c). The proposed catalytic cycle (cycle 

C) for the oxidation of organic sulfides to sulfoxides (reaction e) is also depicted in 

Scheme 5.1, which is consistent with the well-established mechanism of sulfoxidation 

reaction catalyzed by various peroxidometallates [97-99,110-112]. There have been 

several reports implicating the involvement of an oxidoperoxidoniobium(V) 

intermediate of the type II during the process of oxygen transfer from an active 

peroxidoniobium complex to an organic substrate [72,97,98,113]. Although, at this 

stage we do not have further data to suggest more detailed mechanisms, the proposed 

catalytic cycles are in accord with previous findings from a number of laboratories, 
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including ours, pertaining to olefin epoxidation and sulfide oxidation by Nb(V) and 

Ta(V) peroxide systems [97,98,113,114].  

 

Scheme 5.1 Proposed catalytic cycle for A. epoxidation of styrene, B. hydroxylation 

of phenol and C. oxidation of sulfides to sulfoxides (M = Nb or Ta). “ * ” represents 

polymer chain. 

5.4 Conclusions  

In summary, the triperoxido derivative of Nb(V) and Ta(V) supported on 

chitosan have emerged as robust and versatile heterogenized catalyst system, 

applicable in a variety of organic oxidations. The catalysts displayed outstanding 

efficiency in oxidizing styrene with H2O2 almost quantitatively to the desired epoxide 

with 100% selectivity under the non-solvent condition at room temperature. 

Moreover, one-step oxidation of phenol could be achieved in presence of these 

catalysts at ambient temperature with 100% dihydroxybenzene selectivity (HQ: CT 

ratio of ca 2:1) without the addition of any solvent. Interestingly, the catalysts could 

perform these oxidations in the aqueous medium as well. The versatility of the 

immobilized compounds as water compatible and water tolerant catalysts was further 

revealed by their efficiency in promoting the oxidation of a broad range of sulfides 
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chemoselectively to the targeted sulfoxides in the eco-friendly solvent, water. 

Additional salient features which considerably enhance the environmental 

sustainability and synthetic utility of the methodologies include: (i) the oxidation 

protocols are free from toxic solvents, hazardous additives or by-products; (ii) all the 

results were achieved using H2O2 as green oxidant, without involving elevated 

temperature; (iii) catalysts were obtained via a simple preparation protocol using non-

toxic metal and cheap, abundant renewable material as support. Furthermore, the 

ready scalability of the catalysts and their easy recyclability at least up to five 

successive cycles of epoxidation and sulfoxidation, with virtually no loss in catalytic 

activity, are significant strengths of the developed catalytic procedures, which make 

them potentially useful for practical implementation.  
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