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 Experimental/ Theoretical Investigation carried out

* Full details of experimental methods etc., along with tables and figures, are being provided in the attached file: OTHER
INFORMATION (ANNEXURE I) Methodology A. Catalyst Preparation 1. Synthesis and characterization of peroxo
compounds of niobium(V) and tantalum(V) immobilized on amino acid functionalized Merrifield resin [Ta(O2)2(L)2]-MR,[L
=asparagine or arginine ] and [Nb(O2)3L]2—MR, [L = glycine, valine or asparagine ] Synthesis of series of novel Nb and Ta
based catalysts supported on cross-linked Merrifield resin (MR) functionalized with amino acids such as glycine, valine,
arginine or asparagine were achieved by devising a two step methodology (Schemes 1 and 2) : steps- (1) functionalization of
Merrifield resin (MR) with amino acid and (2) peroxo tantalum / niobium complexb was anchored into the functionalized MR.
Scheme 1. Synthesis of MRAsnTa. In a typical reaction, the precursor complex sodium tetraperoxidoniobate
(Na3[Nb(O2)4]·13H2O) or sodium tetraperoxotantalate Na3[Ta(O2)4]·H2O (pTa) was dissolved in 30% H2O2. The pH of the
solution was observed to be ca. 6. Keeping the solution at ice bath condition i.e., below 4 °C, 1 g of amino acid functionalised
MR (pre-swelled in 5mL ethanol) was added to it and constantly stirred for 24 hours. After removing the supernatant liquid by
decantation, the resulting residue was continuously washed with acetone to finally obtain the solid catalyst. 2. Synthesis and
characterization of Chitosan supported niobium(V), tantalum(V) and molybdenum(VI) complexes The peroxo compounds of d0
metal ions of the type [M(O2)3(NH2)(OH)]-chitosan [ M= Nb(V), Ta (V) and Mo(VI)] supported on a natural chelating
polymer, chitosan were synthesised and comprehensively characterized by elemental analysis (CHN, ICP-OES, energy
dispersive X-ray spectroscopy), spectral studies (FT-IR, Raman, 13C NMR, diffuse reflectance UV–Vis and XPS), SEM, XRD,
Brunauer–Emmett–Teller (BET) and thermogravimetric analysis (TGA). Apart from being thermally stable, the compoundis
water-tolerant, non-hygroscopic. and stable for several weeks. The typical procedure to obtain Ta(O2)3(NH2)(OH)]-chitosan
comprises of addition of chitosan to the reaction solution containing tetraperoxotantalate and 30% H2O2. The pH of the
reaction mixture was recorded to be ca. 7.3. Dilute HNO3 (2 N) was added dropwise to reach pH of ca. 7. The reaction mixture
was kept under ice-cool condition for 24 h with occasional stirring. After the specified reaction time, the supernatant liquid was
decanted out from the reaction solution and the remained residue was treated with acetone repeatedly to obtain the solid
catalysts. Fig. 1 Proposed structure of ChpTa. (* represents polymer chain) 3. Synthesis and characterization of a new Nb (V)
and Ta(V) macromolecular complex immobilized on watersoluble polymer A new peroxoniobium(V) species immobilized on
water soluble non-crosslinked polymer (WSP) formulated as, [Nb(O2)3(sulfonate)2]-PSS [PSS = poly(sodium styrene
sulfonate)] (PSSNb) has been synthesized from the reaction of sodium tetraperoxoniobate (NaNb) with 30% H2O2 and the
macromolecular ligand poly(sodium styrene sulfonate) in an aqueous medium (Fig. 2) Facile Synthesis of a pair of
peroxotantalate incorporated water soluble macro complexes of the type, [Ta(O2)3(carboxylate)]-PA, [PA= poly(sodium
acrylate)] (PATa) (5.2), [Ta(O2)3(sulfonate)2]-PSS, PSS= poly(sodium 4-styrene sulfonate) (PSSTa) (5.3) has been achieved
by reacting Na3[Ta(O2)4]·H2O (pTa) with the respective WSP in presence of 30% H2O2 in water. Fig. 2. Proposed structure of
PSSNb. 4. Soluble Polymer Anchored Peroxotitanium(IV) compounds : synthesis and characterization We have introduced a
set of peroxotitanium(pTi) compounds anchored to water soluble polymer (WSP) matrices viz., poly(sodium acrylate) (PA)
poly(sodium methacrylate) (PMA) or poly(sodium 4-styrene sulfonate) (PSS). The macrocomplexes of thetype,
[Ti2(O2)2O2(OH)2(carboxylate)]-PA(PATi) (3.1),[Ti2(O2)2O2(OH)2(carboxylate)]-PMA (PMATi) (3.2) and
[Ti2(O2)2O2(OH)2(sulfonate)]-PSS (PSSTi) (3.3) were synthesized by reacting freshly prepared titanic acid, with 30 % H2O2
in presence of the respective WSP, The pH was maintained atca. 4 which was found to be crucial for the formation of the µ-oxo
peroxotitanium(IV) complexes and their co-ordination to the pendant functional groups such as carboxylate or sulfonate, of the
polymer chain (Fig 3) . B. Catalyst Characterization The catalysts were characterized by a combination of analytical and
spectroscopic techniques viz. FT-IR, Raman, 13C NMR, powder XRD, ICP-OES, SEM-EDX, XPS, BET, and TG-DTG
analysis. C. Catalytic activity of the supported catalysts : Performance of the catalysts in the following organic oxidations were
examined : a) Selective oxidation of 5-hydroxymethylfurfural (HMF) to 5-hydroxy methyl-2-furan carboxylic acid (HMFCA).
b) Selective epoxidation of alkenes. c) Selective oxidation of thioethers and dibenzothiophene to the corresponding sulfoxide or
sulfone. C.1 Optimization of reaction conditions: The reaction conditions were optimized in each case by investigating the
effect of each of the reaction parameters viz., nature of solvent, reaction temperature, reaction time, ratios of amounts of catalyst
: substrate as well as substrate : oxidant on the product selectivity, yield and rate
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of conversions. C.2 The products obtained will be analyzed and characterized by GC, GC-MS and HPLC techniques, IR, UV-
Vis, NMR spectroscopy and melting point / boiling determination,. C.3 Catalytic efficiency in terms of turn over number (TON)
and turn over frequency (TOF) were determined. C.4 Test for stability of the catalyst – catalyst recyclability: Stability of the
catalysts in terms of their regeneration and reusability were assessed. For practical utility of a catalytic process the longevity of
the catalyst and its potential for regeneration and reusability are of fundamental importance. Scalability: Suitability of the
developed protocols for larger scale application were explored by conducting the reactions under optimized conditions.



Detailed Analysis of result

* Detailed Analysis of results are provided in the attached file: OTHER INFORMATION (ANNEXURE II) Detailed analysis
of Results : (contributions made towards increasing the state of knowledge of the subject ) 1. Niobium(V)-amino acid
complexes supported on organic polymers as sustainable catalysts for solventless olefin epoxidation and sulfide oxidation New
heterogeneous catalysts comprising of peroxidoniobium(V) complexes immobilized on amino acid grafted cross-linked
poly(styrene-divinylbenzene) resin has been developed. Results of FTIR, Raman, NMR, XPS, XRD, EDX, SEM, BET, TGA,
and elemental analysis confirm the successful anchoring of triperoxidoniobium(V), [Nb(O2)3]- to the host polymer via the
pendant amino acid groups. Our findings are summarized in the following Figure. Figure 1 : Solventless olefin epoxidation and
sulfide oxidation catalyzed by Niobium(V)-amino acid complexes supported on organic polymers.  The supported catalysts
exhibited excellent performance in epoxidation of styrene and a range of cyclic and terpenic compounds under environmentally
acceptable solvent-free condition with aqueous H2O2 as oxidant. The catalytic protocols provided high conversion to the
desired epoxide (up to 100% ) with selectivity > 99%, TOF as high as 1330 h-1 and high H2O2 utilisation efficiency (92-97%).
The results are depicted in Table 1.  Moreover, the catalysts efficiently facilitated chemoselctive solvent-free oxidation of
variety of thioethers to sulfones with H2O2 at room temperature.  Simple operational strategy, easy recyclability for multiple
reaction cycles with consistent activity-selectivity profile are the additionl significant attributes of the developed catalytic
processes 2. Tantalum(V) peroxides immobilized on asparagine or arginine grafted polymer resin as highly selective
heterogeneous catalysts for organic oxidations under eco-compatible reaction conditions Polymer supported heterogeneous
peroxotantalum(V) catalysts were developed by anchoring Ta(V)-diperoxo species to chloromethylated poly(styrene-
divinylbenzene) resin functionalized with amino acids, asparagine and arginine. The structurally well-defined catalysts,
[Ta(O2)2(L)2]¯-MR, [L =asparagine (Catalyst 1) or arginine



(Catalyst 2) and MR=Merrifield resin] (Figure 1) displayed excellent activity and selectivity in alkene epoxidation as
asparagines as well as sulfoxidation with aqueous 30% H2O2 under mild condition. Fig . 2. Tantalum(V) peroxides
immobilized on asparagine or arginine grafted polymer resin as highly selective heterogeneous catalysts for organic oxidations
with H2O2  Solvent-free epoxidation of olefines with aqueous H2O2 : The catalysts mediated epoxidation of olefins under
solvent –free condition with high TOF and TON. We examined the performances of the catalysts with respect to their
selectivity, reusability, TON and TOF and environmental compatibility. The oxidation of olefins viz, styrene, cyclohexene and
norbornene has been achieved under solvent-free condition. No report appears to exist pertaining to alkene epoxidation
catalyzed by Ta-based heterogeneous catalysts under solvent-less condition.  Selective oxidation of sulphides to sulfoxides: The
heterogeneous catalysts 1 and 2 also facilitated chemoselective oxidation of a broad range of organic sulphides to the desired
sulfoxides in methnol, a relatively safer organic solvent, at ambient temperature. (Table 2) .  Recyclability of the supported
peroxotantalum catalysts: The immobilized catalysts are remarkably robust affording easy recyclability for epoxidation as well
as sulfoxidation up to a minimum of five reaction cycles in each case with stable selectivity/activity profile. (Figure 1) 3.
Merrifield resin supported Nb(V) and Ta(V) complexes as efficient heterogeneous catalysts for selective oxidation of biomass
derived HMF to HMFCA Highly selective oxidation of biomass derived 5-hydroxy methyl-2-furfural (HMF) to 5-hydroxy
methyl-2-furan carboxylic acid (HMFCA) using a set of peroxido complexes of Nb and Ta supported on amino acid
functionalized Merrifield resin (MR) as catalysts. Results obtained after investigating a number of important reaction
parameters demonstrated that under optimized condition it was possible to attain nearly 99% HMF conversion with 100%
HMFCA selectivity within 30 min of reaction, using 12% H2O2 as oxidant at 60 0C, in water. The maximum TOF was
observed to be of 198 h-1 . Thus compared to several reported methods on metal catalyzed HMFCA synthesis from HMF, our
catalytic protocols offered a number of advantages with respect to conversion, selectivity and reaction conditions employed, as
shown in the following Scheme 1. Scheme 1 : Oxidation of HMF to HMFCA by H2O2 using catalyst [Nb(O2)3(valine)]- MR.
Fig 3. % HMF conversion vs. amount of H2O2 (eq.) for catalyst [Nb(O2)3(valine)]- MR. Reaction condition: 0.4 mmol of
HMF (50 mg), catalyst(0.004 mmol of Nb, 13.3 mg), 1.6 mmol of NaOH (dissolved in 3 mL H2O), 60 0C in 3 mL water. 4.
Macromolecular Nb(V) and Ta(V) anchored to water soluble polymer supports and their application as homogeneous catalysts
in organic oxidations In this work, we have synthesised new water soluble polymer supported niobium and tantalum
derivatives, [Nb(O2)3(sulfonate)2]-PSS [PSS = poly(sodium styrene sulfonate)] (catalyst 1), [Ta(O2)3(carboxylate)]-PA, [PA=
poly(sodium acrylate)] (PATa) and [Ta(O2)3(sulfonate)2]-PSS, PSS= poly(sodium 4-styrene sulfonate) (PSSTa). The catalytic
activities of the compounds were studied on two different organic oxidations- alkene epoxidation and sulfide oxidation under
eco-compatible conditions. Apart from being high-yielding ( maximum TOF OF 9600 h-1 obtained for dimethyl sulfide
oxidation) and operationally simple, the additional environmentally significant characteristics which enhance the sustainability
of the water-based oxidation protocol include: chemoselectivity of the catalysts towards oxidation for sulfides and easy
recyclability of the catalyst with consistent activity and selectivity for several cycles of oxidation (Figure 4). Fig. 4.
Macromolecular Nb(V) and Ta(V) anchored WSP supports as homogeneous catalysts in organic oxidations  The
macromolecular complexes efficiently catalyzed selective epoxidation of three different alkene substrates, viz. styrene,
cyclohexene and norbornene with 30% H2O2 under solvent-less condition.  Moreover, All the catalysts afforded oxidation of a
number of structurally different sulfides substrates with impressive yield and turn over frequency under mild condition. 
Another salient feature of the catalysts is its chemoselectivity towards sulfur group in presence of other oxidation prone
functionalities such as –C=C- and –OH group.  The methodologies developed for both the oxidation reactions were devoid of
organic co-solvent, co-catalysts or any other toxic auxiliaries to adhere to the green concept.  The catalysts were recyclable with
respect to sulfide oxidation with undiminished activity and selectivity, while in case of styrene oxidation, the activity of the
catalysts were observed to decline after each run. 5. Peroxo compounds of Nb (V), Ta(V) and Mo(VI) anchored to biopolymer
chitosan. Synthesis characterization and activity as heterogeneous catalyst for selective sulfoxidation in water Heterogeneous
water-compatible and recyclable catalysts has been developed by immobilizing peroxometalates on natural biopolymer,
chitosan for chemoselective and ecologically sustainable oxidation of sulphides to high purity sulfoxide in aqueous medium at
room



temperature (Scheme) . The oxidation protocol is high yielding, straightforward and halogen-free. Fig. 5 Chitosan supported
Mo(VI) complex catalyzes selective sulfoxidation of thioethers 6. Water-soluble polymer anchored peroxotitanates as
environmentally clean and recyclable catalysts for mild and selective oxidation of sulfides in water with H2O2  Anchoring of
peroxotitanium species to non-cross linked linear polymers, poly(sodium acrylate) (PA) and poly(sodium methacrylate) (PMA)
led to the successful synthesis of a pair of new, water-tolerant and recyclable catalysts of the type [Ti2(O2)2O2(OH)2]-L
(L=PA or PMA), highly active in chemoselective sulfoxidation of organic sulfides with 30% H2O2 in aqueous medium at
ambient temperature.  The catalytic protocol, in addition to being high yielding (TOFs up to 11538 h-1) and operationally
simple, is free from halogenated solvent and is environmentally clean and safe. The catalysts are sufficiently stable to afford
easy recyclability for at least 10 consecutive reaction cycles of sulfoxidation with consistent activity selectivity profile.
Oxidation of thioethers and dibenzothiophene (DBT) to respective high purity sulfoxide or sulfone could also be accomplished
using the same catalysts by variation of reaction conditions. Considering the mild reaction conditions the TOF values obtained
in the present study, reaching up to a highest value of 11,280 h-1, are indeed remarkable in comparison to most of the water-
based catalytic sulfoxidations reported so far. Both the catalysts displayed high functional group tolerance towards sensitive
groups such C=C and OH. Thus allylic and alcoholic sulfides were chemoselectively oxidized to yield targeted sulfoxide
without affecting any other functional group transformation under the optimized condition. 7. Synthesis, structure and catalytic
activity of new oxovanadium(V) complexes with deferiprone and N,N-donor ligands A pair of new water-soluble
oxovanadium(V) complexes comprising of deferiprone (def) and N,N-donor ligands, 2,2-bipyridine (bpy) or 1,10-
phenanthroline (phen), [VO2(def)(bpy)]H2O (1) and [VO2(def)(phen)]4H2O (2) were synthesized. The complexes were
characterized by elemental analysis, spectral studies and single crystal X-ray diffraction analysis. The X-ray crystal structures of
1 and 2 reveal that both the complexes possess distorted octahedral coordination geometries with O4N2 coordination sphere
around the vanadium center, and the deprotonated deferiprone occupying the equatorial plane. The complexes 1 and 2
efficiently catalyzed selective epoxidation of styrene with 30% H2O2 under ecologically sustainable organic solvent-free
conditions, at ambient temperature. The catalysts afforded good styrene conversion and high TON value along with excellent
epoxide selectivity (>99%). Recyclability of the catalysts at least up to three consecutive cycles without significant alteration in
activity or selectivity, is an additional remarkable feature of the developed catalytic protocol.

Conclusions

The results of our investigation demonstrate for the first time that, • it is possible to generate highly efficient, recyclable and
environmentally benign catalysts for organic oxidations, by immobilising peroxo complexes of Nb and Ta on macromolecular
supports. • biopolymers and water soluble linear polymers can also serve as viable alternatives to insoluble cross-linked
polymer supports for designing water-tolerant Nb and Ta based catalysts for organic oxidations. • polymer immobilised Nb and
Ta based systems can effctively mediate epoxidation of alkenes and sulfide oxidation under organic solvent free condition. •
The immobilised Nb and Ta systems catalyse selective oxidation of HMF to HMFCA with H2O2 in aqueous medium, with
remarkable efficiency and selectivity. Simplicity in the method of synthesis of the catalysts using commercially available a
starting materials, their recyclability for several catalytic cycles and excellent chemoselectivity are some of the environmentally
significant characteristics of the catalysts.



Scope of future work

The developed catalysts are expected to be useful additions to the range of safer and environmentally suitable catalysts with the
potential for accomplishing a broad range of oxidative organic transformations.
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ANNEXURE I 

Experimental Methods 

A. Catalyst Preparation 

1. Synthesis and characterization of  peroxo compounds of niobium(V) and tantalum(V) 

immobilized on amino acid functionalized Merrifield resin [Ta(O2)2(L)2]−-MR,[L =asparagine 

or arginine ] and  [Nb(O2)3L]2−—MR, [L = glycine,  valine  or asparagine ] 

      Synthesis of series  of novel Nb and Ta based catalysts supported on cross-linked Merrifield 
resin (MR)  functionalized with amino acids such as glycine, valine,  arginine or asparagine were 
achieved by devising a two step methodology (Schemes 1 and 2) :  steps- (1) functionalization of 
Merrifield resin (MR) with amino acid and (2) peroxo tantalum / niobium complexb was anchored 
into the functionalized MR. 
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Scheme 1. Synthesis of MRAsnTa. 

             In a typical reaction, the precursor complex sodium tetraperoxidoniobate 
(Na3[Nb(O2)4]·13H2O)  or sodium tetraperoxotantalate Na3[Ta(O2)4]·H2O (pTa)  was dissolved in 
30% H2O2. The pH of the solution was observed to be ca. 6. Keeping the solution at ice bath 
condition i.e., below 4 °C, 1 g of amino acid functionalised MR  (pre-swelled in 5mL ethanol) was 
added to it and constantly stirred for 24 hours. After removing the supernatant liquid by decantation, 
the resulting residue was continuously washed with acetone to finally obtain the solid catalyst.  
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2.	 Synthesis and characterization of  Chitosan supported  niobium(V), tantalum(V) and 
molybdenum(VI)  complexes 
 
        The peroxo compounds of d0 metal ions of the type   [M(O2)3(NH2)(OH)]-chitosan [ M= 
Nb(V), Ta (V) and Mo(VI)] supported on a natural chelating polymer, chitosan were synthesised  
and comprehensively characterized by elemental analysis (CHN, ICP-OES, energy dispersive X-ray 
spectroscopy), spectral studies (FT-IR, Raman, 13C NMR, diffuse reflectance UV–Vis and XPS), 
SEM, XRD, Brunauer–Emmett–Teller (BET) and thermogravimetric analysis (TGA). Apart from 
being thermally stable, the compoundis water-tolerant, non-hygroscopic. and stable for several 
weeks.   

The typical procedure to obtain Ta(O2)3(NH2)(OH)]-chitosan comprises of addition of  
chitosan to the reaction solution containing tetraperoxotantalate  and 30% H2O2. The pH of the 
reaction mixture was recorded to be ca. 7.3. Dilute HNO3 (2 N) was added dropwise to reach pH of 
ca. 7. The reaction mixture was kept under ice-cool condition for 24 h with occasional stirring. After 
the specified reaction time, the supernatant liquid was decanted out from the reaction solution and 
the remained residue was treated with acetone repeatedly to obtain the  solid catalysts.   

 

 

 

 

Fig. 1 Proposed structure of  ChpTa. (* represents polymer chain) 
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3.  Synthesis and characterization of a new Nb (V) and Ta(V) macromolecular complex 
immobilized on watersoluble polymer 

      A new peroxoniobium(V) species immobilized on water soluble non-crosslinked polymer (WSP) 
formulated as, [Nb(O2)3(sulfonate)2]-PSS [PSS = poly(sodium styrene sulfonate)] (PSSNb)  has 
been synthesized from the reaction of sodium tetraperoxoniobate (NaNb) with 30% H2O2 and the 
macromolecular ligand poly(sodium styrene sulfonate) in an aqueous  medium (Fig. 2)  

       Facile Synthesis of a pair of peroxotantalate  incorporated water soluble macro complexes of the 
type,  [Ta(O2)3(carboxylate)]-PA, [PA= poly(sodium acrylate)] (PATa) (5.2), [Ta(O2)3(sulfonate)2]-
PSS, PSS= poly(sodium 4-styrene sulfonate) (PSSTa) (5.3) has been achieved by reacting 
Na3[Ta(O2)4]·H2O (pTa)  with the respective WSP in presence of 30% H2O2  in water.  
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Fig. 2. Proposed structure of PSSNb. 

4. Soluble Polymer Anchored Peroxotitanium(IV) compounds : synthesis 

and characterization  

We   have introduced a set of   peroxotitanium(pTi) compounds  anchored to water soluble 
polymer (WSP) matrices viz.,  poly(sodium acrylate) (PA)  poly(sodium methacrylate) (PMA) or 
poly(sodium 4-styrene sulfonate) (PSS). The macrocomplexes of thetype, 
[Ti2(O2)2O2(OH)2(carboxylate)]-PA(PATi) (3.1),[Ti2(O2)2O2(OH)2(carboxylate)]-PMA (PMATi) 
(3.2) and [Ti2(O2)2O2(OH)2(sulfonate)]-PSS (PSSTi) (3.3) were synthesized by reacting freshly 
prepared titanic acid,  with 30 % H2O2 in presence of the respective WSP, The pH was maintained 
atca. 4 which was found to be crucial for the formation of the µ-oxo peroxotitanium(IV) complexes 
and their co-ordination to the pendant functional groups such as carboxylate or sulfonate, of the 
polymer chain (Fig 3) .  
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                                        Fig. 3 Synthesis of WSP anchored peroxotitanate catalysts  

B. Catalyst Characterization  

The catalysts were characterized by a combination of analytical and spectroscopic techniques viz. 
FT-IR, Raman, 13C NMR, powder XRD, ICP-OES, SEM-EDX, XPS, BET, and TG-DTG analysis. 

 
C. Catalytic activity of the supported catalysts :   
 
Performance of the catalysts in the following organic oxidations were examined :  

a) Selective oxidation of 5-hydroxymethylfurfural (HMF) to 5-hydroxy methyl-2-furan 
carboxylic acid (HMFCA). 

b) Selective epoxidation of alkenes.  
c) Selective oxidation of thioethers and dibenzothiophene to the corresponding sulfoxide 

or sulfone.  

 C.1  Optimization of reaction conditions: The reaction conditions were optimized in each case 
by investigating  the effect of each of the reaction parameters viz., nature of solvent, reaction 
temperature, reaction time, ratios of amounts of catalyst : substrate as well as substrate : 
oxidant  on the product selectivity, yield and rate of conversions.  
 
C.2 The products obtained will be analyzed and characterized by GC, GC-MS and HPLC 
techniques, IR, UV-Vis, NMR spectroscopy and melting point / boiling determination,. 
 
C.3 Catalytic efficiency in terms of turn over number (TON) and turn over frequency (TOF) 
were determined.   
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C.4 Test for stability of the catalyst – catalyst recyclability: Stability of the catalysts in terms 
of their regeneration and reusability were  assessed. For practical utility of a catalytic process the 
longevity of the catalyst and its potential for regeneration and reusability are of fundamental 
importance. 
 
Scalability:   Suitability of the developed protocols for larger scale application were explored by 
conducting the reactions under optimized conditions.  
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ANNEXURE II 

Detailed analysis of Results : (contributions made towards increasing the state of 
knowledge of the subject ) 

 
1.  Niobium(V)-amino acid  complexes supported on organic polymers as sustainable 
catalysts for solventless olefin epoxidation and sulfide oxidation 
        New heterogeneous catalysts comprising of peroxidoniobium(V) complexes immobilized 
on amino acid grafted cross-linked poly(styrene-divinylbenzene) resin has been developed.  
Results of FTIR, Raman, NMR, XPS, XRD, EDX, SEM, BET, TGA, and elemental analysis  
confirm  the successful anchoring of triperoxidoniobium(V), [Nb(O2)3]-  to the host polymer via 
the pendant amino acid groups.  Our findings are summarized in the following Figure. 

   

Figure 1 :  Solventless olefin epoxidation and sulfide oxidation catalyzed by Niobium(V)-amino 
acid  complexes supported on organic polymers.  
 

Ø The supported catalysts exhibited excellent performance  in epoxidation of  styrene and a 
range of cyclic and terpenic compounds under environmentally acceptable solvent-free 
condition with aqueous H2O2 as  oxidant. The catalytic protocols provided high 
conversion to the desired epoxide (up to 100% ) with selectivity > 99%,  TOF as high as 
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1330 h-1 and  high H2O2 utilisation efficiency  (92-97%). The results are depicted in 
Table 1. 

Ø Moreover, the catalysts efficiently facilitated chemoselctive solvent-free oxidation of 
variety of thioethers to  sulfones with H2O2 at room temperature.    

Ø Simple operational strategy, easy  recyclability for multiple  reaction cycles with 
consistent activity-selectivity profile are the additionl significant  attributes of the 
developed catalytic processes 

Table 1: Epoxidation of various alkenes with H2O2 catalyzed by compounds 1,2[a] 

  

 

 

 

 

 

 

 

 

 

 

 

 
 
[ 
 
 
 

a] All reactions were carried out with 5 mmol alkene, 10 mmol 30% H2O2, solvent-free, T = 80ºC, catalyst (0.005 
mmol of Nb). [b] Other product: benzaldehyde. [c] % conversion for 5th reaction cycle. [d] % conversion of scaled-up 
reaction (5.7 g). [e] Reaction time: 1 h. [f] Reaction at room temperature. [g] Other products: 2-cyclohexen-1-one+2-
cyclohexen-1-ol, [h] Other product: Norbornanone. [i] Limonene1,2-epoxide, [j] Other products: Carveol+Carvone. 

 

    Catalyst 1   Catalyst 2  

Entry Substrate Time 
(h) 

 Conversion/ 
Epoxide 

Selectivity 
(%) 

TON 
 

TOF 
(h-1) 

 Conversion/ 
Epoxide 

selectivity 
(%) 

TON 
 

TOF 
(h-1) 

 

 

 

6  99/99[b] 
 

990 165  99/99[b] 990 165 

1 6  97[c]/99[b] 
 

970 162  98[c]/99[b] 980 163 

 
 
 

6 
 

99[d]/ 99[b] 990 165  99[d]/ 99[b] 990 165 

2 

 

0.75 
 

100/100 1000 1333  100/100[e] 1000 1000 

3 

 

 0.5 
 

100[f]/39[g] 1000 2000  100[f]/34[g] 1000 2000 

4 
 

1.5 
 

100/97[h] 1000 667  100/91[h] 1000 667 

 
 

5 

 

 

8 

  
 

93/ 63[i,j] 
 
 

 
 

930 

 
 

116 

  
 

95/67[i,j] 

 
 

930 

 
 

119 
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2. Tantalum(V) peroxides  immobilized on asparagine or arginine grafted polymer resin as 
highly selective heterogeneous  catalysts for organic oxidations under eco-compatible 
reaction conditions 

   Polymer supported heterogeneous peroxotantalum(V) catalysts were developed by 
anchoring Ta(V)-diperoxo species to chloromethylated poly(styrene-divinylbenzene) resin 
functionalized with amino acids, asparagine and arginine. The structurally well-defined 
catalysts, [Ta(O2)2(L)2]¯-MR, [L =asparagine (Catalyst 1) or arginine (Catalyst 2) and 
MR=Merrifield resin] (Figure 1)            displayed excellent activity and selectivity in alkene 
epoxidation as asparagines as   well as sulfoxidation  with aqueous 30% H2O2 under mild 
condition.							

		 

Fig	.	2.	Tantalum(V) peroxides  immobilized on asparagine or arginine grafted polymer resin as 
highly selective heterogeneous  catalysts for organic oxidations  with H2O2 

	
Ø Solvent-free epoxidation of olefines  with aqueous H2O2 : The catalysts mediated 

epoxidation of olefins  under solvent –free condition with high TOF and TON. We 
examined the performances of the catalysts with respect to their selectivity, reusability, 
TON and TOF and environmental compatibility. The oxidation of olefins viz, styrene, 
cyclohexene and norbornene has been achieved under solvent-free condition.		No report 
appears to exist pertaining to alkene epoxidation catalyzed by Ta-based heterogeneous 
catalysts under   solvent-less condition.	
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Ø Selective oxidation of sulphides to sulfoxides: The heterogeneous   catalysts 1 and 2 
also facilitated  chemoselective oxidation of  a broad range of organic sulphides to the 
desired sulfoxides  in methnol, a relatively safer organic solvent, at ambient temperature. 
(Table 2) .  

Ø Recyclability of the supported peroxotantalum catalysts:           The immobilized 
catalysts are remarkably robust affording easy recyclability for epoxidation as well as 
sulfoxidation up to a minimum of five reaction cycles in each case with stable 
selectivity/activity profile. (Figure 1)	
 

Table 2.	Selective oxidation of sulfides to sulfones with H2O2 catalyzed by catalysts 1 and 2 under solvent-free 
conditiona 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a All reactions were carried out with 5 mmol substrate, 10 mmol oxidant, and catalyst (0.005 mmol of Nb) at RT and 
without solvent. b % conversion for 5th reaction cycle. c Scale-up data (7.5 g of thioanisole). 

S

R1 R2
S

R1 R2

O O

Catalyst (Nb:Sub=1:1000)

50% H2O2 (2 equiv), RT,
          Solvent-free

Entry Substrate   Catalyst 1    Catalyst 2  
  Time 
  (min) 

   Isolated  
Yield (%) 

  TON  Time 
(min) 

   Isolated  
Yield (%) 

  TON 

 

 

 60 95 950  65 98 980 

1  60 97b 950  65 96b 960 

  60 96c 960  65 97c 970 

2          40 98 980  45 95 950 

33   60 95 950  65 96 960 

4   80 95 950  90 97 970 

5  
 55 96 960  60 96 960 

6  
 90 96 960  95 97 970 

7  
 80 97 970  85 95 950 

8 
 

 140 94 940  145 97 970 

9  
 315 95 950  325 93 930 

10  
 205 98 980  210 97 970 

11 
 

 260 92 920  270 94 940 

S

S

S

S

S

SCl

SBr

S

S

S
OH

S
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3.	 Merrifield resin supported  Nb(V) and Ta(V) complexes as efficient heterogeneous 
catalysts for selective   oxidation of biomass derived HMF to HMFCA  

     Highly selective oxidation of biomass derived 5-hydroxy methyl-2-furfural (HMF)  to 5-
hydroxy methyl-2-furan carboxylic acid (HMFCA) using a set of peroxido complexes of Nb and 
Ta supported on amino acid functionalized Merrifield resin (MR) as catalysts. Results obtained 
after investigating a number of important reaction parameters demonstrated that under optimized 
condition it was possible to attain nearly 99% HMF conversion with 100% HMFCA selectivity 
within 30 min of reaction, using 12% H2O2 as oxidant at 60 0C, in water. The maximum TOF 
was observed to be of 198 h-1 . Thus compared to several reported methods on metal catalyzed 
HMFCA synthesis from HMF, our catalytic protocols offered a number of advantages with 
respect to conversion, selectivity and reaction conditions employed, as shown in the following 
Scheme 1. 

 
Scheme 1 : Oxidation of HMF to HMFCA by H2O2 using catalyst [Nb(O2)3(valine)]- MR. 
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Fig 3. % HMF conversion vs. amount of H2O2 (eq.) for catalyst [Nb(O2)3(valine)]- MR. 
Reaction condition: 0.4 mmol of HMF (50 mg), catalyst(0.004 mmol of Nb, 13.3  mg), 1.6 mmol 
of NaOH (dissolved in 3 mL H2O), 60 0C in 3 mL water.  

 

4.  Macromolecular  Nb(V) and  Ta(V) anchored to water soluble polymer supports  and 
their application as  homogeneous catalysts in organic oxidations  

       In this work, we have  synthesised   new water soluble polymer supported niobium and  
tantalum   derivatives, [Nb(O2)3(sulfonate)2]-PSS [PSS = poly(sodium styrene sulfonate)] 
(catalyst 1), [Ta(O2)3(carboxylate)]-PA, [PA= poly(sodium acrylate)] (PATa)  and 
[Ta(O2)3(sulfonate)2]-PSS, PSS= poly(sodium 4-styrene sulfonate) (PSSTa). The catalytic 
activities of the compounds were studied on two different organic oxidations- alkene epoxidation 
and sulfide oxidation under eco-compatible conditions. Apart from being high-yielding ( 
maximum TOF OF 9600 h-1 obtained for dimethyl sulfide oxidation) and operationally simple, 
the additional environmentally significant characteristics which enhance the sustainability of the  
water-based oxidation protocol include:  chemoselectivity of the catalysts towards oxidation for 
sulfides and easy recyclability of the catalyst with consistent activity and selectivity for several 
cycles of oxidation (Figure 4).  
Fig. 4. Macromolecular  Nb(V) and  Ta(V) anchored WSP supports as  homogeneous catalysts in 
organic oxidations  

 

 

 

Ø The macromolecular complexes efficiently catalyzed selective  epoxidation of 
three different alkene substrates, viz. styrene, cyclohexene and norbornene with 
30% H2O2 under solvent-less condition.  
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Ø Moreover, All the catalysts afforded oxidation of a number of structurally 
different sulfides substrates with impressive yield and turn over frequency under 
mild condition.  
 

Ø Another salient feature of the catalysts is its chemoselectivity towards sulfur 
group in presence of other oxidation prone functionalities such as –C=C- and –OH 
group.  

Ø The methodologies developed for both the oxidation reactions were devoid of 
organic co-solvent, co-catalysts or any other toxic auxiliaries to adhere to the 
green concept.  

Ø The catalysts were recyclable with respect to sulfide oxidation with undiminished 
activity and selectivity, while in case of styrene oxidation, the activity of the 
catalysts were observed to decline after each run.  

 
 

 

5. Peroxo  compounds of Nb (V), Ta(V) and Mo(VI) anchored to biopolymer chitosan.  
Synthesis characterization  and activity as heterogeneous catalyst for selective sulfoxidation 
in water  

           Heterogeneous water-compatible and recyclable  catalysts has been developed by 
immobilizing peroxometalates on natural biopolymer, chitosan for chemoselective and 
ecologically sustainable  oxidation of sulphides to high purity sulfoxide in aqueous medium at 
room temperature (Scheme) . The oxidation protocol is high yielding, straightforward and  
halogen-free.  

 

 

 

 

 

Fig. 5  Chitosan supported Mo(VI)  complex catalyzes selective sulfoxidation of thioethers 
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6. Water-soluble polymer anchored peroxotitanates as environmentally clean and 
recyclable catalysts for mild and selective oxidation of sulfides in water with H2O2  

Ø Anchoring of peroxotitanium species to non-cross linked linear polymers, 
poly(sodium acrylate) (PA) and poly(sodium methacrylate) (PMA) led to the 
successful synthesis of a pair of new, water-tolerant and recyclable catalysts of the 
type [Ti2(O2)2O2(OH)2]-L (L=PA or PMA), highly active in chemoselective 
sulfoxidation of organic sulfides with 30% H2O2 in aqueous medium at ambient 
temperature.  

Ø The catalytic protocol, in addition to being high yielding (TOFs up to 11538 h-1) and 
operationally simple, is free from halogenated solvent and is environmentally clean 
and safe. The catalysts are sufficiently stable to afford easy recyclability for at least 
10 consecutive reaction cycles of sulfoxidation with consistent activity selectivity 
profile. Oxidation of thioethers and dibenzothiophene (DBT) to respective high 
purity sulfoxide or sulfone could also be accomplished using the same catalysts by 
variation of reaction conditions.  

  Considering the  mild reaction conditions the TOF values obtained in the 
present study,  reaching up to a highest value of 11,280 h-1, are indeed remarkable in comparison 
to most of the water-based catalytic sulfoxidations reported so far. Both the catalysts displayed 
high functional group tolerance towards sensitive groups such C=C and OH. Thus allylic and 
alcoholic sulfides were chemoselectively oxidized to yield targeted sulfoxide without affecting 
any other functional group transformation under the optimized condition.    

7.  Synthesis, structure and catalytic activity of new oxovanadium(V) complexes with 
deferiprone and N,N-donor ligands  

A pair of new water-soluble oxovanadium(V) complexes comprising of deferiprone (def) 
and N,N-donor ligands, 2,2ʹ-bipyridine (bpy) or 1,10-phenanthroline (phen), 
[VO2(def)(bpy)]�H2O (1) and [VO2(def)(phen)]�4H2O (2) were synthesized. The complexes 
were characterized by elemental analysis, spectral studies and single crystal X-ray diffraction 
analysis. The X-ray crystal structures of 1 and 2 reveal that both the complexes possess distorted 
octahedral coordination geometries with O4N2 coordination sphere around the vanadium center, 
and the deprotonated deferiprone occupying the equatorial plane. The complexes 1 and 2 
efficiently catalyzed selective epoxidation of styrene with 30% H2O2 under ecologically 
sustainable organic solvent-free conditions, at ambient temperature. The catalysts afforded good 
styrene conversion and high TON value along with excellent epoxide selectivity (>99%). 
Recyclability of the catalysts at least up to three consecutive cycles without significant alteration 
in activity or selectivity, is an additional remarkable feature of the developed catalytic protocol.  
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