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4.1 Introduction 

Over the past decade, enormous efforts have been dedicated to exploiting the 

abundant and renewable biomass resources for the production of sustainable biofuels and 

generating bulk and fine chemicals to overcome the growing scarcity of non-renewable 

fossil resources such as oil and natural gas [1-3]. The application of niobium-based solid 

catalysts in conversion of biomass for the production of various platform chemicals and 

biofuel, have been attracting considerable contemporary interest [4-7], although such 

systems have rarely been investigated in 5-hydroxymethyl-2-furfural (HMF) oxidations 

to obtain different value-added products [4-6].  

5-Hydroxymethyl-2-furfural, the key platform molecule acting as a link between 

biomass and chemicals, has been considered as the most suitable bio-derived building 

block to reduce the dependence on non-renewable petrochemical resources, owing to its 

ready availability from biorefinery carbohydrates [8-10]. Myriads of reports are available 

pertaining to the oxidation of HMF to a large variety of value-added compounds such as 

5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 2,5-diformylfuran (DFF), 5-formyl-

2-furancarboxylic acid (FFCA), levulinic acid (LA) and 2,5-furandicarboxylic acid 

(FDCA) (Scheme 4.1) by using various biological [11-13] and chemical catalysts [14-

16]. All of these HMF derivatives are valuable precursors for bioplastics [17-19], 

functional polymers [15,16,20], pharmaceuticals [15,16,21], biofuel additives, etc. 

[7,15,16,22,23]. Recently, Kucherov and the group comprehensively reviewed the 

advancements in the field of biomass-derived C6-furanic platform chemicals, mainly by 

focusing on the significant chemical reactions for sustainable processing of the biomass 

[22]. 

 

Scheme 4.1 Schematic representation of biomass conversion into value-added chemicals. 
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5-Hydroxymethyl-2-furancarboxylic acid (HMFCA) is a relatively lesser 

explored product formed by the selective oxidation of the aldehydic group of HMF 

(Scheme 4.1) [11,22,24]. The partially oxidized HMFCA, in addition to being an 

intermediate in FDCA synthesis and a useful monomer for a variety of polyesters [20], is 

also known to exhibit antitumor and antimicrobial activities [11,21]. However, in 

contrast to substantial research on the synthesis of FDCA and DFF from HMF 

[9,15,16,22,23], there are much fewer reports dealing with the targeted synthesis of 

HMFCA [24-27]. This is likely to be due to the difficulty encountered in the selective 

oxidation of the formyl group of HMF into carboxylic acid without affecting its alcohol 

functional group [27]. Nevertheless, apart from the classic Cannizzaro reaction [28,29], a 

number of promising catalytic methodologies have been developed lately for the 

oxidation of HMF to HMFCA [24-27,30-33]. Aerobic oxidation of HMF to HMFCA 

with 87% selectivity was reported by Zhang et al. using a montmorillonite K-10 clay 

supported molybdenum catalyst in toluene [27]. The majority of the available catalytic 

procedures for HMFCA synthesis are based on aerobic oxidation of HMF over noble 

metals like Au, Ag, Pd, etc. [24-26,30-32], which generally utilize air or molecular 

oxygen at high oxygen pressure. For example, an O2 pressure of 690 kPa was used to 

obtain high yields (90-95%) of HMFCA over supported gold catalysts such as acidic 

carbons supported Au nanoparticles [30], Au/C, and Au/TiO2 catalysts [31]. Schade et al. 

achieved 98% HMFCA selectivity using Ag/ZrO2 catalyst under high oxygen pressure 

(50 °C, 10 bar O2, 4 equivalents of aqueous NaOH) [25]. In another recent work, Ag-

polyvinylpyrrolidone (PVP) supported on ZrO2, provided 100% HMF conversion with 

98% yield of HMFCA in aerobic oxidation of HMF [26]. 

We have so far come across only two reports on liquid-liquid phase oxidation of 

HMF to obtain HMFCA using H2O2 as oxidant [34,35], although hydrogen peroxide has 

been successfully used as the liquid oxygen source in biomass conversion [36,37]. Zhao 

et al. recently reported impressive HMFCA yield of 98% achieved with Ag2O based 

catalyst using H2O2 as oxidant in aqueous Na2CO3 solution (1h, 90 ºC) [34]. A 

heterogeneous catalyst of Ag2O supported on CaCO3 developed by T. Su and group also 

afforded selective oxidation of HMF (89% conversion) to HMFCA (95% selectivity) 

with H2O2 in both conventional heating (100 ºC) and microwave-assisted batch 

conditions (conversion/selectivity: 95%/97%) [35]. In both the aforementioned cases 

however, catalysts deactivation was reported during recyclability experiments due to 
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partial reduction of Ag(I) to metallic silver [34,35]. In fact, apart from difficulty in 

catalyst regeneration factors such as long reaction time, high cost of the catalyst, 

requirement of high O2 pressure and high temperature remain key issues associated with 

many of the otherwise promising noble-metal based HMF oxidation procedures 

[24,25,30-33]. Moreover, to our knowledge, none of the existing high yielding 

procedures reported 100% HMFCA selectivity. Thus, from the economic and ecological 

perspectives, development of innovative, stable and recyclable, non-noble metal-based 

catalysts for selective conversion of HMF to HMFCA is still highly desired [4,38].  

Activity of Nb-based zeolites and mesoporous Nb-MCM-41 materials as catalysts 

in synthesis of FDCA [5] and DFF [6], respectively have been investigated recently. 

Interestingly, we have so far come across only one report mentioning the conversion of 

HMF (>85%) to selective formation of HMFCA (>90%) achieved by using Nb-based 

nanocomposites during the targeted synthesis of FDCA [4]. The reaction however 

employed organic peroxide, tert-butyl hydroperoxide (TBHP) as oxidant and required a 

high reaction temperature (100 ºC), and 12 h of reaction time, which compromised the 

overall environmental compatibility of the procedure [4].  

An inspection of relevant literature showed that the application of polymers as 

supports for the grafting of active peroxidometal systems in catalyst design for HMF 

oxidation remains yet to be explored [26,39,40]. Our findings presented in Chapter 3 

amply demonstrated the high efficiency of PS-DVB resin supported pNb catalysts in 

epoxidation of variety olefins as well as chemoselective oxidation of sulfides with H2O2.  

As a direct sequel to our work presented in Chapter 3, in the present work, we 

considered it worthwhile to examine the activity of the MR supported solid 

peroxidoniobium (pNb) complexes, [Nb(O2)3(val)]2-–MR (3.1) [Nb(O2)3(asn)]2-–MR 

(3.2) and [Nb(O2)3(gly)]2-–MR (3.3) as potential catalysts for HMFCA synthesis via 

HMF oxidation using H2O2 as oxidant. Moreover, we have decided to develop a 

homogeneous catalyst system by anchoring pNb species to a linear WSP and to carry out 

a comparative investigation on catalytic efficiency of the two distinct categories of 

compounds in HMF oxidation with H2O2 in aqueous medium. Apart from the prospect of 

creating possible water-tolerant oxidation catalysts usable in aqueous media, our 

additional interest in obtaining water-soluble macromolecular pNb systems with bio-

relevant attributes, provided the impetus to direct our efforts to synthesize pNb complex 

stabilized in a soluble macro-ligand environment.     
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Herein we present the synthesis and characterization of a new macromolecular 

pNb complex immobilized on WSP, poly(sodium methacrylate) (PMA). The activity of 

MR supported catalysts 3.1-3.3 as well as the soluble complex [Nb(O2)3(carboxylate)]2-–

PMA (NbPMA, 4.1) as heterogeneous or homogeneous catalysts in selective oxidation 

of HMF with H2O2 as the oxidant in an aqueous medium has been investigated. The 

reaction conditions were optimized for the targeted synthesis of HMFCA and activities 

of both types of catalysts were compared. The efficacy of the established catalytic 

methodology in terms of HMF conversion, HMFCA selectivity, turnover number (TON), 

recyclability as well as sustainability has been fully discussed. To our knowledge, this is 

the first report demonstrating the activity of polymer-supported peroxidoniobium (pNb) 

compounds as catalysts in HMF oxidation. 

4.2 Experimental section 

4.2.1 Synthesis of [Nb(O2)3(carboxylate)]2-–PMA (NbPMA) (4.1)  

The precursor complex Na3[Nb(O2)4]‧13H2O (TpNb) was prepared by following 

the reported method [41] which has already been described in the Chapter 3. To a 

solution of the precursor complex (0.65 g, 1.25 mmol) in 30% H2O2 (4 mL), the aqueous 

poly(sodium-methacrylate) solution (1 mL) was dropwise added with constant stirring, 

maintaining an ice bath condition (<4 °C). After continuously stirring for about 1 h in an 

ice bath a clear solution of pH ≈ 7 was obtained. The solution was kept at <4 ºC for 3 h 

of contact time and then treated with pre-cooled acetone to induce precipitation. After 

decanting the supernatant liquid, the white pasty residue was repeatedly treated with 

acetone under scratching. The microcrystalline product could be separated by 

centrifugation and dried in vacuo over concentrated sulfuric acid.  

4.2.2 Procedure for the oxidation of HMF to HMFCA 

In a typical reaction, HMF (0.4 mmol, 50.4 mg) was dissolved in water (4 ml) in 

a 50 mL round-bottomed flask. Subsequently, aqueous NaOH solution (32 mg, 0.8 

mmol) and the niobium catalyst (29.6 mg, 0.008 mmol of Nb) was added to it under 

continuous stirring. This was followed by the dropwise addition of aqueous 30% H2O2 

(0.09 mL, 0.8 mmol) to the reaction mixture maintaining a flow rate of 9 μL/min with 

constant stirring. The reaction was conducted at 60 ºC maintaining the molar ratio of 

HMF: oxidant at 1:2 and Nb: HMF molar ratio at 1:50. After completion of the reaction, 
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the catalyst was separated from the reaction mixture, and the products were analyzed by 

HPLC (Appendix III). 

A high-performance liquid chromatography system (Thermo Scientific Dionex 

Ultimate 3000 HPLC) equipped with a UV detector and a reversed-phase C18 column 

(250 × 4.6 mm) was used for quantitative analysis of HMF and HMFCA. The maximum 

detection wavelength was 280 nm and the column temperature were maintained at 25 ºC. 

The mobile phase comprised of methanol, 0.1 wt.% of the aqueous acetic acid solution, 

acetonitrile, and water, and their composition and flow rate varied with time due to the 

applied gradient method. The products were identified by comparing the retention time 

with the corresponding commercial standard compounds. The external standard method 

was employed to calculate the conversion of HMF and the HMFCA yield.  

Conversion of HMF and yield of HMFCA were calculated using the following 

equations: 

HMF conversion (%) =
mmol of HMF converted after the reaction

Initial mmol of HMF
× 100%     (𝟒. 𝟏) 

 

HMFCA yield (%) =
mmol of HMFCA formed after the reaction

Initial mmol of HMF
× 100%     (𝟒. 𝟐) 

4.2.3 Procedure for control experiment 

The control or blank reaction was conducted in absence of the catalyst at 60 °C. 

The reaction proceeded as follows: to an aqueous solution of HMF (0.4 mmol HMF in 4 

mL water) aqueous NaOH solution (32 mg, 0.8 mmol) was added which was followed 

by the dropwise addition of aqueous 30% H2O2 (0.09 mL, 0.8 mmol) with constant 

stirring. 

4.2.4 Catalyst regeneration 

The catalyst MRGNb (3.3) could easily be recycled for five consecutive cycles. 

After running the first reaction cycle up to the stipulated time (90 min), the catalyst was 

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

with acetone and vacuum dried. The recovered catalyst was applied in a fresh reaction 

batch of the substrate with the addition of an aqueous NaOH solution and 30% H2O2, 
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maintaining the optimized reaction conditions. The content of the reaction mixture 

(reactant and products) was analyzed by HPLC. 

4.3 Result and discussion 

4.3.1 Synthesis 

The synthetic strategies adopted for preparing the water-soluble complex 

NbPMA (4.1) is summarized in Scheme 4.2. Utilizing the inherent propensity of water-

soluble polymers (WSP) with pendant ligand groups to bind metal ions, workers from 

our laboratory have earlier devised rather straightforward and facile strategies to 

incorporate peroxidometal complexes into soluble macromolecular supports [42-46]. In 

the present study, the water-soluble compound, NbPMA (4.1) was synthesized by 

reacting the tetraperoxidoniobium complex Na3[Nb(O2)4] (TpNb) with carboxylate 

containing WSP, poly(sodium-methacrylate) in presence of hydrogen peroxide, in 

aqueous medium at neutral pH (Scheme 4.2). The compound was isolated by inducing 

precipitation with acetone. It is notable that, for the successful formation of the catalyst 

maintenance of a temperature of <4 ºC, a stipulated contact time and a near-neutral pH of 

the reaction medium was observed to be critical parameters.   

 

Scheme 4.2 Synthesis of WSP-supported pNb catalyst. “ ” represents polymer chain. 

4.3.2 Characterization 

The niobium loading in the complex NbPMA (4.1) on the basis of Nb content 

obtained from ICP-OES and EDX analysis was found to be 1.33 mmol/g of the polymer. 

The elemental analysis data presented in Table 4.1 showed the ratio of Nb: peroxide in 

the complex to be 1:3 indicating the occurrence of three peroxido groups around the 

Nb(V) center. The occurrence of Nb in the compound in its +5 oxidation state was 

evident from the diamagnetic nature of the complex as revealed by the magnetic 

susceptibility measurement. 
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Table 4.1: Analytical data for the synthesized complex NbPMA (4.1) 

    aMetal loading = 
Observed metal%  × 10

Atomic weight of metal
              bDetermined by ICP-OES analysis 

4.3.2.1 SEM and EDX analysis 

 Scanning electron microscopy was performed to assess the surface morphology 

and chemical composition in the complex as well as the respective neat polymer support. 

The micrographs (Fig. 4.1) showed considerable changes on the surface of the Nb loaded 

polymeric compounds in comparison to the relatively even surface of the pristine 

polymer. The clearly visible randomly oriented depositions of Nb species on the external 

surface of the compounds suggested that the anchored metal complexes are distributed 

across the polymeric surface of the complex.  

 

Fig. 4.1 SEM images of (a) PMA, (b) NbPMA and (c) EDX spectrum of NbPMA. 

Energy Dispersive X-ray analysis results showed the presence of Nb along with 

C, H, N, and Na as constituents of the complex. The EDX analysis [Fig. 4.1 (c)] was 

carried out by focusing multiple regions on the surface of the complex. The composition 

Complex  % Found from elemental analysis 

(% obtained from EDX spectra) 

O2 
2- Nb: O2

2- Nb loadinga 

(mmol g-1 of 

polymer) C H Na Nb 

NbPMA 24.21 

(24.51) 

4.83 

- 

- 

(16.82) 

12.63b 

(12.39) 

12.60 

- 

1:3 1.33 

- 
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of the compound as obtained from EDX analysis agreed well with the elemental analysis 

data. 

4.3.2.2 FTIR and Raman spectral analysis  

The FTIR spectra of the polymer-supported compound NbPMA (4.1) and the 

respective host polymer are illustrated in Fig. 4.2. The complementary Raman spectra of 

the compound is shown in Fig. 4.3. The empirical peak assignments were made based on 

the available literature. The FTIR and Raman spectra of the compound 4.1 provided 

evidence for the presence of [Nb(O2)3]
- moiety in the compounds by showing three well-

resolved absorptions attributable to the (O-O) modes of 2-peroxido group in the 

expected range of 800-900 cm-1 along with asym(Nb-O2) and sym(Nb-O2) bands in the 

500-600 cm-1 region [47-49]. A triperoxidoniobium species, according to the established 

empirical rule, generally exhibits three (O-O) modes in the IR spectrum [47,49]. In 

addition, the spectrum of the poly(methacrylate) bound complex showed the peaks due to 

νasym(COO) and νsym(COO) of the carboxylate group at a relatively higher frequency of 

1655 cm-1 and lower frequency of 1407 cm-1, respectively (Fig. 4.2) compared to those  

observed  for  the  pure  poly(methacrylate)  (PMA) at ca. 1543 [νasym(COO)] and 1415 

cm-1 [νsym(COO)], respectively [44,50]. The distinct shift of νasym(COO) and νsym(COO) 

bands upon incorporation of pNb moiety onto the polymer PMA, resulting in significant 

increase in difference between νasym(COO) and νsym(COO) frequencies (∆ν= 248 cm-1)   

 

Fig. 4.2 FTIR spectra of (a) PMA and (b) NbPMA (4.1). 
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Fig. 4.3 (a) Raman spectrum and (b) FTIR spectrum of NbPMA (4.1). 

compared to that of the free ligand suggested the unidentate coordination of the 

carboxylate group in the macromolecular complex [44,51]. It is notable that analogous 

mode of coordination has been observed in case of PMA anchored V and Mo complexes 

reported previously by our group [44,46]. The peak observed at ca. 1703 cm-1 in the 

spectrum of NbPMA (4.1) indicated the presence of free -COOH in the compound. 

4.3.2.3 Electronic spectral studies 

The UV-Vis spectrum of the macromolecular complex NbPMA (4.1) depicted in 

Fig. 4.4, was recorded in an aqueous solution. The spectrum showed a weak absorbance 

at around 350 nm typically due to the peroxido-to-metal (LMCT) transition of 

triperoxido-Nb species (Fig. 4.4) [52,53]. 

 

Fig. 4.4 UV-Visible absorption spectrum of NbPMA (4.1). 
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4.3.2.4 13C NMR analysis 

The 13C NMR spectra of the water-soluble compound 4.1 and the corresponding 

original polymer, PMA recorded in D2O are presented in Fig. 4.5. The chemical shift 

data are listed in Table 4.2. The spectrum of the virgin polymer PMA displayed a 

carboxylate carbon signal at ca. 187 ppm (Fig. 4.5, Table 4.2), along with the other 

signals originating from the chain carbon atoms [54,55]. In the spectrum of pNb 

anchored complex, the presence of an additional peak at a much lower field of ca. 221 

ppm assignable to coordinated COO- group signified participation of the carboxylate 

group in complexation. The considerable downfield shift, Δδ (δcomplex - δfree carboxylate) ≈ 34 

ppm suggested the presence of strong metal-ligand interaction in the macromolecular 

complex [44,51,52]. The observation is in conformity with some other polyacrylate and 

PMA-bound peroxidometal systems reported earlier [43,44,46,56,57]. 

 

Fig. 4.5 13C NMR spectra of (a) PMA and (b) NbPMA (4.1) in D2O. 
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Table 4.2: 13C NMR chemical shifts of the polymer-bound complex 

4.3.2.5 93Nb NMR analysis 

Crucial information can be derived regarding the local environment of Nb in a 

compound employing 93Nb NMR analysis, as 93Nb NMR resonance is sensitive to the 

coordination number of Nb sites [58]. The 93Nb NMR spectrum of compound NbPMA 

(4.1) in an aqueous solution displayed a single resonance at around -1529 ppm (Fig. 4.6) 

which is in the region characteristic of eight coordinated environment for Nb [58,59]. 

The presence of only one signal in the spectrum further showed the existence of Nb(V) 

in a single coordination environment in the compound. The position and pattern of the 

peak thus validate the formula assigned and resembled closely the spectra of other pNb 

complexes bound to polyacrylate and polystyrene sulphonate macromolecules reported 

previously by our group [42,56]. It is likely that inter-chain interaction between the PMA 

bound triperoxido-Nb(V) centers and neighbouring pendant carboxylate groups of the 

polymer chain would result in the completion of eightfold coordination around each 

Nb(V) center in NbPMA (4.1), as has been observed in a majority of the reported pNb 

complexes [42, 47,49,52,56].  

 

Fig. 4.6 93Nb NMR spectrum of NbPMA (4.1) in D2O. 

 Chemical Shift (ppm)  

Compound CH3 Quaternary 

carbon 

CH2 Carboxylate 

Free Complexed 

PMA 17.28 45.89 56.46 187.58 - 

NbPMA 17.41 46.08 56.56 187.84 221.46 
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4.3.2.6 Thermogravimetric Analysis 

Thermogram of the compound NbPMA (4.1) is shown in Fig. 4.7 and the 

respective mass loss values are shown in Table 4.3. The compound 4.1 undergoes three-

stage of degradation upon the increase of temperature up to 700 °C as depicted in Fig. 

4.7 and Table 4.3. The complex showed the first step of degradation occurring within the 

range of 48-97 ºC corresponding to the liberation of lattice water from the complex. This 

step was followed by the loss of the coordinated peroxido groups from the complex in 

the range of 107-224 °C [42,56]. A broad degradation step observed within 312-594 °C 

is attributable to the decomposition of the base polymer [44,46]. The final residue left 

after complete degradation of the compound was identified as oxidoniobium species 

along with the char residue from the polymer as revealed by FTIR analysis. 

 

Fig. 4.7 Thermogram of NbPMA (4.1). 

Table 4.3: TGA data of the complex NbPMA (4.1) 

 

Compound Temperature range (ºC) Observed weight loss 

(%) 

Final residue 

(%) 

Nb-PMA 48-97 

107-224 

312-594 

10.7 

11.7 

22.6 

55.0 
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4.3.3 Catalytic performances of the polymer-supported catalysts in the conversion 

of HMF to HMFCA 

Having gained an access to two different types of immobilized peroxidoniobium 

systems, viz., PS-DVB resin grafted peroxidoniobates MRVNb (3.1), MRNNb (3.2) and 

MRGNb (3.3) (Chapter 3) and the water-soluble polymer anchored compound NbPMA 

(4.1), we proceeded to investigate their efficacy as heterogeneous and homogeneous 

catalyst, respectively in HMF oxidation in an aqueous medium. In order to evaluate the 

appropriate reaction conditions to achieve the maximum HMF conversion and the 

desired product selectivity, the effects of main reaction parameters such as reaction 

temperature, catalyst loading, oxidant concentration, solvent, and the concentration of 

base were investigated. Optimization studies were conducted using MRGNb (3.3) as the 

representative catalyst.  

First, a preliminary experiment was carried out in a basic aqueous solution 

maintaining Nb: HMF molar ratio of 1:50 and HMF: NaOH molar ratio of 1:2, using 2 

equivalents of H2O2. The reaction was conducted at room temperature. The universal 

green solvent water was the solvent of choice in our study keeping in view the 

environmental aspect. Under these conditions, HMF was observed to undergo 24% 

conversion to selectively yield HMFCA as the sole reaction product after 90 min of 

reaction time. Significantly, no by-products such as FFCA, DFF, or FDCA were detected 

by HPLC under these reaction conditions.  

4.3.3.1 Effect of temperature  

Subsequently, we have examined the performance of the catalyst at a moderately 

elevated temperature of 40 ºC whilst keeping the other variables constant. As seen from 

the data reported in Table 4.4 and Fig. 4.8 a significant boost in HMF conversion 

occurred upon increasing the temperature from RT to 40 ºC while HMFCA selectivity 

remained unaltered at 100%. Finally, we were pleased to find that quantitative 

transformation of HMF into the targeted product HMFCA with 100% selectivity could 

be attained at a temperature of 60 ºC within 90 min of the stipulated reaction time. On 

increasing the temperature further to 80 ºC, although the reaction proceeded with 100% 

HMF conversion, however, HMFCA selectivity was noted to decrease to nearly 74%, 

probably because of degradation of HMF occurring at a higher temperature. Thus, 60 ºC 

emerged to be the optimized reaction temperature from our study. It is apparent that the 
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reaction temperature had a remarkable effect on the % conversion of HMF although the 

HMFCA selectivity remained consistently high irrespective of the temperature 

employed. It is also obvious that no side product formation occurred under the applied 

conditions even at relatively higher temperature. 

Table 4.4: Effect of temperature on HMF conversion to HMFCA catalyzed by 3.3a 
 

 

 

 

 

aReaction conditions: HMF (0.4 mmol, 50.4 mg), 30% H2O2 (0.8 mmol), catalyst (0.008 

mmol of Nb), NaOH (0.8 mmol, 32 mg) in water (4 mL), 90 min. bTON (turnover 

number) = mmol of substrate consumed per mmol of Nb. 

 

Fig. 4.8 HMF conversion versus temperature (catalyst: 3.3). Reaction conditions: as 

mentioned under Table 4.4. 

4.3.3.2 Effect of oxidant concentration 

As the oxidant concentration is known to play a vital role in the successful 

selective oxidation of HMF, we have investigated the effect of H2O2 concentration on 

HMF oxidation by using four different equivalents of 30% hydrogen peroxide ranging 

Entry Temperature Conversion 

of HMF (%) 

HMFCA 

Selectivity (%) 

TONb 

1 RT ≥24 100 12 

2 40℃ ≥58 100 29 

3 60℃ 100 100 50 

4 80℃ 100 74 50 
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between 0.5 to 2 equivalents. We have kept the concentrations of H2O2 rather low, as it 

has been known that high H2O2 concentration often triggers HMF degradation under the 

basic condition [35,36]. The results are summarized in Table 4.5 and Fig. 4.9. It is 

remarkable that even with a 0.5 equivalent of H2O2 a fairly good conversion of HMF 

occurred to selectively form HMFCA. Further increase in H2O2 concentration led to a 

gradual rise in HMF conversion till the quantitative conversion of HMF to HMFCA was 

achieved with 2 equivalents of H2O2. Thus, HMF: H2O2 molar ratio of 1:2 was found to 

be ideal to achieve maximum HMF conversion along with complete HMFCA selectivity 

and a high TON value of 50, within a reasonably short reaction time. 

Table 4.5: Effect of amount of H2O2 on HMF oxidation to HMFCA catalyzed by 3.3a 

 

 

 

 

 

 
 

 

aReaction conditions: HMF (0.4 mmol), catalyst MRGNb (3.3) (0.008 mmol of Nb, 29.6 

mg), NaOH (0.8 mmol) in 4 mL water at 60 ºC, 90 min.  

 

Fig. 4.9 Effect of oxidant concentration in HMF conversion to HMFCA. Reaction 

conditions: mentioned under Table 4.5. 

Entry Sub:H2O2  Conversion of 

HMF (%) 

HMFCA 

Selectivity (%) 

TON 

1 1:0.5 ≥41 100 21 

2 1:1 ≥62 100 31 

3 1:1.5 ≥79 100  40 

4 1:2 100 100 50 
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4.3.3.3 Effect of catalyst amount  

Our investigation on the influence of catalyst loading on HMF conversion and 

product selectivity revealed that, increasing the Nb: substrate molar ratio from 1:200 up 

to 1:50 resulted in a substantial improvement of % conversion. Complete HMF 

conversion could be achieved with Nb: substrate molar ratio of 1:50 (Table 4.6 and Fig. 

4.10). The reaction proceeded with 100% HMFCA selectivity in each case. Thus, the 

molar ratio of 1:50 for Nb: substrate was found to be most favourable for the HMF 

oxidation reaction. The observed improvement in HMF conversion with the increment in 

catalyst loading is evidently a consequence of an increase in the availability of a number 

of catalytic active sites.  

Most importantly, MR immobilized peroxidoniobium catalyst chemoselectively 

oxidized HMF into HMFCA as an exclusive product irrespective of the amount of 

catalyst used and no additional side products were detected under the maintained 

experimental condition. Apparently, the catalyst is incapable of oxidizing the 

hydroxymethyl group of HMF in contrast to various other metal-catalyzed HMF 

oxidations which invariably led to further oxidation of HMFCA into FFCA or FDCA 

[24,25,30,31].  

Table 4.6: Effect of catalyst loading on HMF oxidation to HMFCA catalyzed by 3.3a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aReaction conditions: HMF (0.4 mmol), 30% H2O2 (0.8 mmol), 60 ºC, 90 min, NaOH 

(0.8 mmol) in water (4 mL) as solvent. bBlank reaction without any catalyst. cUsing 

Na3[Nb(O2)4]‧13H2O as catalyst (0.008 mmol of Nb).  

Entry Cat:sub Conversion 

of HMF (%) 

HMFCA 

Selectivity (%) 

TON 

1b - ≥20 83 - 

2 1:200 ≥44 100 88 

3 1:150 ≥51 100 77 

4 1:100 ≥68 100 69 

5 1:50 100 100 50 

6c 1:50 ≥42 100 21 
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Fig. 4.10 HMF conversion versus catalyst amount. Reaction conditions: mentioned under 

Table 4.6. 

The blank reaction carried out excluding the catalyst under otherwise identical 

conditions provided 20% HMF oxidation with H2O2, within the stipulated reaction time 

[Table 4.6 (entry 1), Fig. 4.10]. The crucial role of the catalyst in accelerating the 

reaction is thus obvious from the low % conversion and HMFCA selectivity obtained in 

absence of the catalyst compared to the results attained using the polymer-supported 

catalyst. Moreover, when a reaction was conducted using the unsupported parent pNb 

complex Na3[Nb(O2)4] instead of the polymer-supported catalyst maintaining the same 

Nb: HMF ratio [Table 4.6 (entry 6), Fig. 4.10], significantly lower conversion was 

observed. That the immobilization of the pNb species on polymer support has a 

significant impact on augmenting its catalytic efficiency is obvious from these findings. 

4.3.3.4 Effect of the amount of base 

As evident from the available literature, base concentration is an important 

parameter that can significantly affect the oxidation as well as degradation of HMF 

[25,26,34,35]. The intermediate product of HMF oxidation, HMFCA has been reported 

to be stable in a basic environment [31]. However, high base concentrations can be 

detrimental to selectivity because of the formation of undesirable side reaction products 

[25,26,31]. The presence of an appropriate concentration of base in the reaction mixture 

is therefore necessary in order to control and minimize the formation of by-products 

from side reactions during HMF oxidation [25,26,31]. In the present study, we have used 

NaOH as a base to facilitate the reactions. The concentration of NaOH was optimized 

keeping the other reaction parameters constant for each experiment. The results shown in 
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Table 4.7 (entry 1) and Fig. 4.11 demonstrate that even in absence of base, the catalyst 

could facilitate HMF oxidation to selectively yield the desired HMFCA although the 

HMF conversion was rather low. The addition of the base accelerated the reaction, 

establishing the important role played by the base in the selective and fast oxidation of 

HMF. It is notable that HMFCA was identified as the exclusive reaction product under 

each of the applied conditions. From these data 2 equivalents of NaOH emerged to be the 

optimum and was used for subsequent experiments. At an HMF: base molar ratio of 1:3, 

HMFCA selectivity dropped to 86% probably due to HMF degradation caused by 

relatively higher alkalinity.  

Table 4.7: Impact of amount of base on the conversion of HMF to HMFCAa 

 

 

 

 

 

 

 

 

aReaction condition: HMF (0.4 mmol, 50.4 mg), 30% H2O2 (0.8 mmol), catalyst (0.008 

mmol of Nb) at 60 ºC in water (4 mL) up to 90 min. bReaction performed without base. 

 

Fig. 4.11 Impact of amount of base on the conversion of HMF to HMFCA. Reaction 

conditions: mentioned under Table 4.7. 

Entry Sub:base HMF 

Conversion (%) 

HMFCA 

Selectivity (%) 

TON 

1b - ≥15 100 8 

2 1:1 ≥66 100 33 

3 1:2 100 100 50 

4 1:3 100 86 50 
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4.3.3.5 Effect of reaction time 

The % of HMF conversion with respect to time was studied over a span of 2 h 

and the result of time vs. HMF conversion profile is illustrated in Table 4.8 and Fig. 

4.12. Oxidation was observed to occur rapidly within the initial 15 min of starting the 

reaction to provide nearly 30% conversion of HMF. Notably, the reaction afforded the 

highest initial TOF of about 64 h-1 after just 15 min of reaction time. Subsequently, the 

reaction progressed with a steady increase in HMF conversion till ca. 90 min. Thus, the 

best results both in terms of 100% conversion as well as complete HMFCA selectivity 

was obtained at a reaction time of 90 min (Table 4.8, Fig. 4.12). It is remarkable that, 

even on prolonging the reaction further to 2 h, HMFCA was not further oxidized to other 

products. The observation once again demonstrates that the immobilized pNb catalyst is 

unable to oxidize the hydroxymethyl group under the applied conditions. Consequently, 

selective synthesis of HMFCA was possible in the presence of polymer immobilized 

pNb catalysts leaving the alcohol group unaffected. 

4.3.3.6 Effect of solvent 

We have screened the solvent effect on the activity of the catalyst by employing 

relatively safer halogen-free organic solvents, viz., methanol, acetonitrile, and ethanol. 

As seen from the results listed in Table 4.9 and Fig. 4.13, the reaction proceeded in each 

of the organic solvents with high product selectivity (Fig. 4.13) and moderate HMF 

conversion indicating the compatibility of the catalyst system with a wide range of 

solvents. Nevertheless, to our delight, the catalyst displayed superior activity with 

respect to both the conversion along with HMFCA selectivity in an aqueous medium 

(Table 4.9, entry 1).  

The findings are consistent with a number of previous reports demonstrating 

water to be the best solvent for HMF oxidation [26,31,34,35]. Davis et al. have also 

mechanistically established the importance of water in HMF oxidation from labelling 

experiments conducted with 18O2 and H2
18O [14,60]. Furthermore, our observations are 

in accord with remarkable performances reported of Nb-based catalysts in aqueous phase 

organic reactions because of their high stability against hydrolysis and metal leaching 

[7,42,52,61,62]. 
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Table 4.8: Effect of reaction time on HMF oxidation to HMFCA by catalysts MRVNb (3.3) and NbPMA (4.1) with H2O2
a 

aReaction condition: HMF (0.4 mmol), 30% H2O2 (0.8 mmol), catalyst (0.008 mmol of Nb), NaOH (0.8 mmol) 60 ºC, water (4 mL). bTOF 

(turnover frequency) = mmol of substrate consumed per mmol of Nb per time. 

 

Entry Time 

(min) 

 MRGNb (3.3)  NbPMA (4.1) 

Conversion of  

HMF (%) 

HMFCA 

Selectivity (%) 

TON TOFb 

(h-1) 

 Conversion of 

HMF (%) 

HMFCA 

Selectivity (%) 

TON TOFb 

(h-1) 

1 15  ≥30 100 16 64  ≥39 100 20 78 

2 30  ≥49 100 25 50  ≥69 100 35 70 

3 45  ≥72 100 36 48  ≥84 100 42 56 

4 60  ≥88 100 44 44  ≥93 100 47 47 

5 75  ≥95 100 48 38  100 100 50 40 

6 90  100 100 50 33  100 100 50 33 

7 120  100 100 50 25  100 100 50 25 
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Fig. 4.12 Effect of time on HMF oxidation by 3.3 and 4.1. Reaction conditions: 

mentioned under Table 4.8. 

Table 4.9: Effect of solvent on HMF oxidation to HMFCA with H2O2 catalyzed by 3.3a 

 

 

 

 

 

 

 

 

 

aReaction conditions: HMF (0.4 mmol), oxidant (0.8 mmol), catalyst (0.008 mmol of 

Nb), NaOH solution (0.8 mmol in 1 mL water), solvent (3 mL), 60 ºC, 90 min. 

 

Fig. 4.13 Effect of solvent on HMF conversion to HMFCA. Reaction conditions: 

mentioned under Table 4.9. 

Entry Solvent HMF 

Conversion (%) 

HMFCA 

Selectivity (%) 

TON 

1 H2O 100 100 50 

2 MeOH ≥57 100 29 

3 EtOH ≥34 100 17 

4 MeCN ≥48 100 24 
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Having standardized the optimum conditions for HMF oxidation with the 

heterogeneous catalyst 3.3, we considered it worthwhile to explore the scope of the 

established catalytic protocol by examining the HMF oxidation over other two MR-

supported pNb catalysts (3.1 and 3.2) and a Ta-based solid catalyst [Ta(O2)2(Asn)2]
––

MR (Asn = L-asparagine), reported previously from our laboratory [63]. It is worthy to 

mention that the Ta-based catalyst has previously been found to exhibit excellent activity 

in selective organic oxidations including olefin epoxidation and sulfide oxidation [63]. 

As anticipated, our results depicted in Table 4.10 show that similar to the catalyst 3.3, 

the other polymer anchored peroxido-metallate compounds also serve as highly efficient 

catalysts in H2O2 induced oxidation of HMF into HMFCA. From the relatively longer 

time required for the completion of HMF conversion in the case of Ta-based catalyst, it 

is clear that Nb-containing catalysts exhibit somewhat superior activity in comparison to 

the Ta-containing analog. (Table 4.10, entry 4).  

 Table 4.10: Oxidation of HMF over different polymer supported Nb and Ta catalystsa 

 aReaction conditions: HMF (0.4 mmol), 30% H2O2 (0.8 mmol), catalyst (0.008 mmol of 

Nb or Ta), 60 ºC, NaOH (0.8 mmol), 4 mL water as solvent. bTOF (turnover frequency) 

= mmol of substrate consumed per mmol of Nb per time (determined from initial rates). 

4.3.3.7 HMF oxidation over homogeneous catalyst NbPMA (4.1) 

Next, we examined the activity of the water-soluble compound NbPMA (4.1) as 

a homogeneous catalyst in HMF oxidation under the same optimized reaction conditions. 

Homogeneous catalysts are known to display relatively superior catalytic performance 

compared to their heterogeneous analog, although the recovery and recyclability of 

homogeneous systems are often considered tedious [64,65]. Interestingly, previous work 

Entry Catalyst Time 

(min) 

% HMF 

Conversion  

% HMFCA 

Selectivity  

TON TOFb 

(h-1) 

1 MRVNb (3.1) 90 100 100 50 64 

2 MRNNb (3.2) 90 100 100 50 64 

3 MRGNb (3.3) 90 100 100 49 62 

4 [Ta(O2)2(Asn)2]
– -MR 135 100 100 50 38 

5 NbPMA (4.1) 75 100 100 50 78 
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from our laboratory established that peroxido complexes of transition metals, viz., 

Ti(IV), V(V), Nb(V), and Mo(VI) anchored to various water-soluble polymers could 

serve as highly efficient homogeneous catalysts in organic oxidations such as selective 

oxidation of sulfides to sulfoxide/sulfone and oxidative bromination in an aqueous 

medium, under mild reaction condition [42,43,46,66]. In this study, therefore, with the 

newly synthesized immobilized soluble peroxidoniobium compound 4.1 in hand, we 

considered it worthwhile to explore its catalytic potential in HMF oxidation vis-à-vis the 

heterogeneous counterparts 3.1-3.3. As evident from the data shown in Table 4.8 and 

4.10 (entry 5), the catalyst 3.4 selectively provided 100% HMF conversion with 

complete product selectivity and the highest TOF value of 78 h-1. The oxidation occurred 

within a shorter duration of reaction time of 75 min in comparison to the 90 min required 

for the heterogeneous catalysts 3.1-3.3. The conversion versus time profiles of both types 

of catalysts presented in Fig. 4.12 further showed that the homogeneous catalyst, 4.1 was 

noticeably more effective compared to the heterogeneous catalyst 3.3.  

4.3.3.8 Recyclability of the catalysts  

The stability and reusability of a catalyst system are of paramount importance for 

its practical utility. The recyclability of heterogeneous catalyst MRGNb (3.3) was 

examined up to 5 consecutive cycles of oxidation. The solid catalyst could be easily 

removed from the reaction system by centrifugation or simple filtration. After 

completion of the reaction, the recovered catalyst was washed with acetone, vacuum 

dried, and utilized in a fresh reaction run without further conditioning. Fig. 4.14 reveals 

that the catalyst showed impressive recyclability up to five successive cycles without any 

alteration in the selectivity. In the case of the homogeneous catalyst 4.1, the catalyst 

could not be recycled due to the difficulties encountered in separation from the organic 

products. 

The recovered catalyst MRGNb (3.3) was subjected to FTIR and EDX spectral 

analyses to determine its stability. The FTIR spectrum (Fig. 4.15) of the reused catalyst 

displayed a close resemblance with that of the fresh catalyst. Furthermore, the EDX 

analysis indicated no quantitative loss in Nb content in comparison to the fresh complex. 
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Fig. 4.14 Reusability of MRGNb (3.3) for selective oxidation of HMF. 

 

Fig. 4.15 FTIR spectra of (a) MRGNb and (b) MRGNb after 5th cycle. 

4.3.3.9 Heterogeneity test 

With an aim to verify the heterogeneity of the HMF oxidation process catalyzed 

by the solid catalyst MRGNb (3.3), a standard hot filtration test was conducted under 

optimized condition and the results are shown in the Fig. 4.16. The solid catalyst was 

separated from the reaction mixture after 30 min of reaction (at about 50% of 

conversion) and the reaction was continued with the filtrate for further 1 h. The % 

conversion of the HMF did not increase significantly after the removal of the catalyst, 
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indicating the truly heterogeneous nature of the catalyst system. Moreover, AAS analysis 

of the filtrate showed no evidence of niobium in it, thereby ruling out the possibility of 

metal leaching from the polymer support. 

 

Fig. 4.16 Hot filtration test for HMF oxidation to HMFCA by MRGNb (3.3). 

4.4 Conclusions 

To conclude, this chapter illustrates the extraordinary efficiency of simple 

polymer immobilized peroxidoniobium catalyst systems in the oxidation of HMF to 

afford selectively HMFCA with high TON and TOF values. The HMF oxidation was 

accomplished by employing aqueous H2O2 as a liquid oxygen source, in a basic aqueous 

medium under mild condition. Importantly, no over-oxidation of HMFCA into by-

products such as DFF, FFCA, and FDCA was observed to occur even on prolonging the 

reaction or increasing the temperature, indicating that the catalysts are incapable of 

oxidizing the hydroxymethyl group of HMF under the applied reaction conditions. This 

appears to be the first report on metal-catalyzed HMF oxidation where HMFCA could be 

quantitatively obtained with 100% selectivity. In addition to the high efficiency exhibited 

by both the catalyst systems, a significant strength of the heterogeneous catalyst 

compared to many other existing noble metal-based catalysts is its facile recyclability for 

multiple catalytic cycles with consistent activity/selectivity profile.  

Apart from being an effective homogeneous oxidation catalyst, the water-soluble 

polymer anchored compound [Nb(O2)3(carboxylate)]2-–PMA (NbPMA, 4.1) displayed 

distinct biochemical activity. The activity of NbPMA (4.1) as an inhibitor of 

phosphatase enzyme is described in Chapter 6. 
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